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A  few  introductory  remarks  with  respect  to  the  history  of  the  development  of  handling  quality  criteria  aiein  order. 
However,  this  history  will  not  precede  1971  when  an  AGARD  Specialists’  Meeting  on  the  subject  was  held  in  Ottawa.  At 
the  end  of  this  meeting  the  Flight  Mechanics  Panel  (FMP)  considered  appropriate  follow-up  activities,  and  one  of  these 
was  the  formation  of  an  ad-hoc  committee  with  an  assignment  . .  to  compare  the  specific  Handling  Qualities  Require¬ 
ments  for  aircraft  of  the  various  NATO  countries  and  to  gather  data  to  validate  handling  qualities  criteria. . .”  Most  of 
the  requirements  considered  by  the  committee  originated  in  the  United  States;  but  Ml  committee  members  except  one 
were  Europeans,  and  this  can  probably  be  explained  by  the  French  saying  “la  critique  est  ais6e  mais  Part  est  difficile’* 

The  result  of  the  committee’s  efforts  was  AGARD  Advisory  Report  No.89  entitled  “Handling  Qualities  Specification 
Deficiencies”,  which  was  authored  by  Mr  Arthur  Barnes  from  the  United  Kingdom. 

But  there  were  also  considerable  follow-up  activities  in  the  seventies  by  the  workers  behind  their  desks,  the  flight 
test  engineers  and  the  pilots.  In  order  *o  disseminate  these  new  results  within  the  NATO  countries,  FMP  devoted  a 
session  of  its  1978  Stability  and  Control  Symposium,  again  in  Ottawa,  to  “Criteria  for  satisfactory  behaviour  of  aircraft 
with  advanced  stability  and  control  systems”.  One  of  the  key  questions  during  the  discussions  was:  Now  we  have 
developed  sophisticated  Control  Configured  Vehicles  with  extremely  complex  stability  augmentation  and  control 
systems,  do  we  also  need  new  criteria  for  handling  qualities  as  an  aid  in  aircraft  design  and  certification?  Quite  a  few 
participants  replied,  “Yes,  of  course”;  but  others  were  strong  advocates  of  the  “Equivalent  Systems”  methodology, 
which  means  in  simple  (perhaps  too  simple)  words;  replace  the  complex  aircraft  dynamics  by  appropriate  conventional 
“make-believe”  aircraft  dynamics  and  treat  the  handling  qualities  aspects  in  the  classical  manner.  When  the  symposium 
was  over,  the  FMP  decided  that  organizing  a  full  “criteria  meeting"  would  be  a  desirable  follow-up  activity  and  that 
such  a  meeting  could,  at  least  partially,  answer  the  standard  AGARD  question  as  it  was  posed  in  1971  by  the  Round 
Table  Panel  in  Ottawa  -  namely,  “Where  do  we  go  from  here?”. 

Finally,  the  ultimate  use  of  advanced  aircraft  handling  quality  criteria  in  the  form  of  specifications  for  military 
aircraft  must  be  remembered.  Unlike  some  technical  developments  that  may  never  be  put  to  practice,  the  hamffing 
quality  specifications  (e.g.  MIL-F-8785C)  are  indeed  used  throughout  the  free  world.  The  superiority  of  the  resulting 
aircraft  depends,  in  turn,  on  the  quality  of  these  specifications.  The  theme  of  the  symposium  is,  therefore,  indeed 
important  to  AGARD. 

The  Technical  Program  Committee  for  this  meeting  had  a  relatively  easy  task  for  interest  in  the  subject  was 
considerable,  both  in  Europe  and  in  the  United  States,  and  we  received  many  mote  offers  for  papers  than  we  could  accept 
We  hope  we  made  the  right  choices,  since  decisions  were  very  difficult. 


R.O.ANDERSON 

J.BUHRMAN 

Members,  Flight  Mechanics  Panel 
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PRESENT  STATUS  OF  FLYING  QUALITIES 
CRITERIA  FOR  CONVENTIONAL  AIRCRAFT 

by 


David  J.  Moor house  and  Robert  J.  Woodcock 
Flight  Dynamics  Laboratory 
Wright  Aeronautical  Laboratories 
Wright -Patterson  AFB,  OH  45433 


INTRODUCTION 

As  the  first  paper  at  this  conference,  we  decided  that  a  general  overview  of  the  sub¬ 
ject  was  required.  To  that  end,  the  object  of  the  paper  is  to  provide  a  framework  for  the 
remainder  of  the  conference  with  a  general  and  philosophical  discussion  of  flying  qualities 
criteria  relative  to  the  military  specification. 

Flying  qualities  research  and  the  development  of  the  flying  qualities  specification 
proceeded  at  a  leisurely  pace  until  approximately  the  mid-1960s.  As  flight  control  tech¬ 
nology  expanded,  so  did  the  development  of  criteria  with  which  to  judge  the  increasingly 
complex  dynamic  systems.  At  the  same  time  the  specification  lost  soae  of  its  credibility 
in  the  eyes  of  flight  control  designers.  It  appeared  frequently  that  their  philosophy 
was  "if  an  airplane  design  does  not  meet  the  criteria,  then  the  criteria  need  improving." 
This  attitude  goes  along  with  the  presumption  that  the  flight  control  system  can  cure  any 
problems.  As  we  now  know,  the  new  flight  control  technology  also  discovered  new  problems 
such  as  phase  lag,  time  delay,  etc.  We  are  now  at  the  stage  of  refining  and  defining 
criteria  applicable  to  any  future  configuration. 

In  this  paper  we  first  trace  briefly  the  development  of  the  U.S.  military  flying  qual¬ 
ities  specification  up  to  MIL-F-878SB,  issued  in  1969.  In  the  late  1960s  and  70s  many  new 
criteria  were  proposed,  and  significant  ones  are  discussed.  The  equivalent  system  approach 
was  chosen  for  MIL-F-8785C  and  is  therefore  discussed  in  some  detail.  The  paper  is  conclud¬ 
ed  with  our  view  of  future  requirements  and  developments  in  flying  qualities  criteria. 


BACKGROUND 

The  Signal  Corps  Specification1  for  procurement  of  the  Wright  Flyer  is  frequently 
cited  as  an  ideal.  The  flying  qualities  requirement  of  "perfect  control  and  equilibrium 
at  all  times"  during  flight  around  a  closed  course  was  direct  and  easy  to  verify.  At  that 
time  if  the  airplane  completed  the  course  without  crashing  the  control  and  equilibrium  were 
more  than  satisfactory.  Difficulty  of  control  was  judged  by  observation  and  subjectively. 
By  the  account  of  the  first  military  pilot2  that  first  military  airplane  was  capable  of  no 
task  beyond  flight  itself  -  which  of  course  was  still  a  great  achievement.  Reference  2 
also  documents  the  first  military  flight  test  development  program,  to  modify  the  Wright 
Flyer  as  a  stable  platform  for  reconnaissance.  In  the  years  that  followed,  both  the  air¬ 
craft  performance  envelopes  and  the  piloting  tasks  expanded  rapidly.  In  this  country, 
our  first  record  indicates  the  start  of  codification  of  flying  qualities  in  1940  by 
Hartley  A.  Soule  at  NACA,*  based  on  Edward  Warner's  DC-4  experience.  Flying  qualities 
research  was  conducted  mostly  by  NACA  until  a  substantial  data  base  of  acceptable  and 
unacceptable  flight  characteristics  was  available  by  the' end  of  WWII.  In  1943  the  U.S. 

Army  Air  Forces  issued  their  first  "flying  qualities"  specification. *  This  specification 
listed  acceptable  stability  and  control  characteristics  in  prescribed  flight  test  maneu¬ 
vers.  Coordination  was  soon  achieved  with  the  U.S.  Navy,  and  this  same  format  was  main¬ 
tained  through  a  few  revisions.  William  H.  Phillips1  classic  NACA  report®  should  be 
mentioned.  MIL-F-8785B,6  issued  in  1969,  represented  a  significant  change.  The  response 
requirements  were  expressed  in  terms  of  named  classical  modal  parameters,  natural  fre¬ 
quency,  damping  ratio  and  time  constant.  In  this  form  it  was  most  responsive  to  the  design 
process,  but  unfortunately  it  conveyed  the  unintended  impression  that  it  applied  only  to 
the  dominant  roots  of  the  airplane  dynamics.  As  indicated  in  Reference  2,  achievement  of 
good  mission-oriented  handling  qualities  has  been  a  problem  since  the  beginning  of  flight. 
And  for  just  as  long  (viz.  the  Wright's  wing  warping -to -rudder  interconnect  prior  to  1903) 
designers  have  sought  solutions  by  various  means,  more  or  lesfc  successful,  involving  the 
flight  control  system.  In  his  comprehensive  1949  textbook  on  stability  and  control' 
Courtland  Perkins  discusses  aerodynamic  balance  of  control  surfaces,  a  variety  of  tabs  to 
improve  stick-force  stability  or  reduce  hinge  moments,  bobweights,  downsprings  and  other 
"gadgetry.”  As  hinge  moments  became  less  and  less  tractable,  first  hydraulic  boost 
(F-94/T-33  ailerons)  and  then  fully  powered  controls  with  no  effective  mechanical  reversion 
(F-8  9  )  came  into  use.  This  "progress"  in  flight  control  technology  was  needed  in  order 
to  utilize  the  extended  performance  envelopes  of  hew  aircraft,  but  created  probloms  of 
its  own.  See,  for  example,  the  discussion  of  bobweights  and  pilot-induced  oscillations  in 
Reference  8.  With  fully  powered  controls  came  the  possibility  of  improving  the  aircraft 
characteristics  apparent  to  the  pilot  through  series  stability  augmentation,  which  does 
not  move  the  pilot's  cockpit  control;  early  examples  are  the  F-89  and  B-47  yaw  dampers. 

The  years  since  have  seen  the  use  of  flight  control  technology  in  more  and  more  ways  so 
that  actual  airplane  dynamics  became  more  complex.  Thus  grew  the  perception  that  the 
specification  did  not  apply.  The  so-called  flight  control  technology  explosion  fostered 
a  criteria  explosion:  stability  and  control  augmentation  systems  (SCAB)  with  "response 
control,"  forward  and  feedback-loop  compensation,  prefilters,  digital  mechanization,  etc. 


* 
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Reference  9  is  a  landmark  guide  to  the  1969  flying  qualities  requirements ,  prepared 
at  the  insistence  of  the  Air  Force  Flight  Dynamics  Laboratory's  C.  B.  Westbrook.  Although 
there  was  some  reluctance  to  show  how  meageT  was  the  basis  of  some  requirements,  these 
689  pages  have  proven  to  be  an  invaluable  compendium  of  the  rationale  and  data  base  for 
specification. 


SUM4ARY  OF  CRITERIA 

First  we  will  discuss  the  flying  qualities  criteria  which  have  been  proposed  either 
as  alternatives  to  the  specification  or  as  guides  for  a  particular  design.  As  will  be 
seen,  the  majority  are  for  the  short-term  pitch  tracking  task. 

numerator  Time  Constant 

The  well-known  approximation  for  the  classical  short-term  response  of  pitch  rate  to 
control  inputs  is  q(s)  -  M(s  ♦  1/T0  )  All  along,  there  has  been  considerable  dis- 


Fs(s)  (sl  ♦  2c<ons  ♦  «*n) 

cussion  as  to  whether  Te2  or  nQ  is  the  more  appropriate  parameter  to  characterize  pitch 
response  (na  being  the  steady-state  ratio  of  normal  acceleration  response  to  angle-of- 

attack  response  for  pitch  control  inputs).  References  9  and  10,  for  example,  both  discuss 
the  importance  of  the  numerator  time  constant,  while  Reference  11  suggests  that  it  is 
indeed  the  governing  parameter  in  landing  approach.  The  British  flying  qualities  speci¬ 
fication  (Reference  12)  uses  the  »*/na  requirements  of  MIL-F-878SB/C,  except  that  the 

Category  C  (terminal  flight  phases)  requirements  are  modified  by  the  addition  of  the 
following: 


Minimum  values  of  na 

V  <  100  kn 

V  >  100  kn 

Level  1  boundary 

1.67 

V  (kn)/60 

Levels  2  and  3  boundary 

1.0 

V  (kn)/l00 

With  the  classical  approximate  relationship  na  «  (V/g)/T0  ,  this  is  equivalent  to 

2 

specifying  maximum  values  for  T0  of  3.1  secs  for  Level  1  and  5.2  secs  for  Levels  2  and  3. 
There  is  also  a  note  that  these  lower  bounds  of  na  may  apply  to  Category  A  (the  more 
demanding  of  the  piloting  tasks  in  up-and-away  flight)  as  well  as  Category  C. 

The  requirements  of  MIL-F-8785B  were  in  terms  of  na  and  did  not  consider  numerator 

time  constant  per  se.  It  is  possible  for  two  classical  aircraft  to  have  the  same  values 
of  short-period  frequency  and  damping  and  na  but  different  numerator  tine  constants,  just 

by  virtue  of  having  different  airspeeds.  The  specification  would  not  discriminate  between 
these  two  configurations  in  terms  of  flying  qualities,  although  there  is  a  change  in  pitch 
dynamics,  as  in  the  asymptotic  frequency  response  sketched.  The  effect  of  that  change  on 
pilot  opinion  rating  is  going  to  be  influenced  by  the 
proximity  of  1/T0  to  the  short-period  frequency 

(and  possibly  by  the  phugoid  dynamics  also).  To 
support  using  na  instead  of  1/T0  for  the  final 

2 

version  of  MIL-F-8785B,  Reference  8  cited: 

i  > 

0  unsp/(n/a)  and  sgp  boundaries  fit  the  available  flight  data,  ever  an  n/a  range 

of  12.3  to  61.5  for  Category  A  Flight  Phases,  roughly  2  to  20  for  B-70  Category 
B,  and  2 ♦  to  11  Category  C. 

0  “nsp/ (n/a) corresponds  to  (Fs/n)Mp>  and  to  Bihrle's  Control  Anticipation  Param¬ 
eter,  Reference  12,  the  ratio  of  inital  pitching  acceleration  to  steady-state 
load  factor,  for  pitch  control.  This  correspondence  holds  for  most  any  form  of 
stability  augmentation  involving  only  the  pitch  control,  as  well  as  for  the  basic 
airframe. 

Also  “ngp/ (n/a)  tends  to  be  invariant  with  speed,  so  that  over  a  wide  speed  range  an  air¬ 
plane  can  stay  within  the  boundaries.  That  is  a  nice  practical  convenience. 

Recall  that  Bihrle's  Control  Anticipation  Parameter,  CAP,  (Reference  13)  is  : 

CAP  .  k  .  ,,*e|rMV,»P  .  £  *4p  Te 

n_  Nnls*o  v 

The  equivalence  of  CAP  and  “gP/na  holds  fairly  generally  unless  an  additional  control 


surface  (such  as  DLC)  is  available  to  alter  the  characteristics.  An  interpretation  of  CAP 
is  that  the  ratio  of  initial  pitch  acceleration  to  steady  state  normal  acceleration  defines 
the  compatibility  of  the  flight  path  response  and  the  initial  sensation  of  a  pitch  control 

input.  An  alternative  CAPl<  uses  initial  cockpit  normal  acceleration  instead  of  q0  since 

at  the  pilot-location: 

n_„  -  n  ♦  x_  q 
po  o  p 

This  interpretation  seems  to  fit  some  large  aircraft,  for  which  pilot  location  can  be 
expected  to  have  a  significant  effect.  There  is  then  the  problem  of  explaining  past 
successful  combat  aircraft  with  zero  or  negative  x  .  Modifications  to  account  for  higher- 
order  effects  have  been  proposed  by  ChalklS,  and  by  Bischoff16  who  achieves  good  corre¬ 
lation  with  a  number  of  Navy  aircraft. 

From  the  asymptotic  frequency- response  sketch  of  |©/Fslit  is  the  frequency  separation 
of  WgTg,  that  determines  the  degree  of  departure  from  "ideal"  k/s-like  response  at 
frequencies  below  4isp,  and  thus  possibly  the  gain  margin: 

log  wE  -  log  1/Tg  •  log  (4>£Te) 

so  that  from  consideration  of  the  pitch  response  alone,  the  proper  parameter  would  be 
oigTg  as  proposed  for  possible  revision  of  MIL-F-878SC  (Reference  17).  Nevertheless, 

Reference  8  shows  that  the  similar  parameter  UgTg  g/V  correlates  the  available  data; 
Reference  15  shows  further  correlation. 

In  summary,  all  the  preceding  variations  are  attempting  to  specify  the  essential 
charactertistics  of  a  1st/ 2nd  order  response.  As  the  discussion  implies,  for  aircraft 
which  do  exhibit  this  form  of  response  the  actual  combinations  of  parameters  do  not  matter 
too  much.  Problems  that  have  arisen  have  been  in  analysing  responses  which  are  not  truly 
of  this  form. 

Bandwidth  and  Phase  Sensitivity 

For  Category  C  Flight  Phases  Ashkenas,  Hoh  and  Craig  (Reference  18)  propose  Level  1 
and  3  requirements  (Fig.  1)  to  assure  adequate  pitch  attitude  bandwidth.  In  this  early 
application  is  already  recognized  the  need  for  a  measure  of  phase  sensitivity,  the  varia¬ 
tion  of  phase  as  frequency  increases  from  the  bandwidth  frequency. 

This  requirement  gets  directly  at  "The  basic  inner  attitude  response  features  which 
are  necessary  regardless  of  outer-loop  control  problems  or  auxiliary  (e.g.,  direct  lift) 
control."  It  applies  to  "The  complete  airplane  attitude  response  including  both  the 
phugoid  and  short -period  modes,  ...  flight  control  system  characteristics  (and)  the  various 
controlled  element  forms  resulting  from  current  flight  control  augmentation  concepts." 
However,  we  saw  sufficient  drawbacks  not  to  use  it.  There  is  no  Level  2  boundary,  and  the 
data  points  shown  with  pilot  rating  <6.5  were  scattered  on  both  sides  of  the  "Level  3" 

boundary.  In  addition,  recent  experience  (e.g..  Ref.  19)  indicates  that  a  1  rad/sec. band¬ 
width  is  often  insufficient  for  the  flare  and  touchdown  phase  of  a  precision  landing.  Also 
there  is  a  natural  reluctance  to  have  such  different  forms  of  requirement  for  terminal  and 
up-and-away  flight. 

Ralph  Smith's  Criteria 

Ralph  Smith  (Ref  20)  proposes  a  set  of  requirements  for  short-term  longitudinal  re¬ 
sponse  based  on  a  "no-tracking  hypothesis:”  "Optimum  handling  qualities  demands  minimum 
closed- loop  control  by  the  pilot."  His  parameters  include: 

tq  time  to  first  peak  of  the  q(t)  response  to  a  step  input  in  stick  force 

♦  (j“c)  )  _^P  (jMc)  -  14.3  <uc;  **p  is  normal  acceleration  at  pilot  station 

*s 

w  criterion  frequency,  rad/sec,  approximately  the  crossover  frequency  of  the 

c  pilot  -  aircraft  system  dynamics  for  pitch  attitude  tracking;  a  function  of 

aircraft  dynamics  and  disturbance  bandwidth  (Fig.  2) 

His  proposed  requirements  are: 

0.2  <  t_  <  for  Level  1 

_  q  _ 


5  A  d  |®  (j«c)f<  -2db/octave  for  Level  1 
dm'F. 


*  £(j»»c)  -  *123°  for  Level  *165°  for  L#T#1  2 
Fs 

Smith  further  states  that  when  controlling  pitch  attitude,  if  closed-loop  damping  is 
insufficient,  a  pilot  may  switch  to  normal -acceleration  control.  In  that  case  phase 


margin  of  Cj<u)/Fs (j«) ,  evaluated  at  the  6/Fs  crossover  frequency,  is  an  indicator  of 
pilot-induced  oscillation  (P10)  tendency.  His  PIO  criteria  are: 

♦  (jw.)  1  -160°  when  -122<>>)  6  (jw  )  >  -130°,  for  Level  1 

F. 


Level  3  floors  exist,  but  data  to  establish  then  are  lacking.  This  set  of  requirements 
was  proposed  tentatively,  subject  to  further  validation.  Smith  proposes  similar  require¬ 
ments  for  direct-lift  control  modes  and  for  tasks  in  which  relative  position  is  important, 
such  as  aerial  refueling  and  formation  flight.  Time  did  not  permit  full  consideration  of 
Smith's  suggestions  for  MIL-F-878SC. 

Time-Domain  Criteria 

The  time  history  of  a  given  second-order  transfer  function  is  completely  specified. 
Again,  as  aircraft  became  more  complex  many  researchers  felt  that  the  time  history  contain¬ 
ed  the  parameters  Influencing  the  pilot.  Accordingly  several  time-domain  criteria  have 
been  proposed. 

C*:  Nith  the  thought  that  pilots  are  relatively  more  interested  in  pitch  rate  at  low 
speed  but  normal  acceleration  at  high  speed,  Malcolm  and  Tobie  (Ref.  21)  proposed  a  crite¬ 
rion  in  terms  of  the  parameter 

C*  ■  K< nz  ♦  ^co  <  *  V° 

8  8 

where  nz  ♦  lpq  is  the  normal  load  factor  at  the  pilot  station  and  Vc0,  often  taken  to  be 
400  ft/sec.,  is  the  airspeed  at  which  the  n£  and  q  signals  are  equal.  Malcolm  and  Tobie 
derived  C*  time-history  boundaries  from  Cornell  Aero  Lab  -  2t^n  "bull ' s -eyes” (see  Ref.  8, 

p.  63).  Later  Kisslinger  and  Wendl  proposed  modified  C*  boundaries  (Ref.  22)  derived  from 
their  ground-based  simulator  studies.  They  also  extended  the  concept  to  propose  analogous 
parameters  for  the  lateral  and  directional  axes:  D*.  Time-history  bounds  are  an  appeal¬ 
ing  form  of  criteria,  useful  to  the  flight  control  designer.  However,  several  investiga¬ 
tors  (e.g.,  Neal  and  Smith23  and  Brulle  in  a  McDonnell  internal  memo  dated  31  December 
1974)  have  found  the  C*  criterion  lacking  in  good  correlation  with  pilot  rating  of  flying 
qualities. 

While  pilots  do  not  characteristically  make  the  step  control  inputs  used  in  this  and 
a  number  of  time-response  criteria,  a  step  does  have  a  broadband  frequency  content,  though 
amplitude  varies  with  frequency.  Malcolm  and  Tobie  also  devised  a  frequency -response 
version  of  their  C*  criterion. 

Time  Response  Parameter  (TRP) :  Abrams'  TRP  (Ref  24)  is  based  on  dead  time,r  ;  delay  time, 
td;  cyclic  time,  tc;  and  ratio  of  overshoot  to  steady  state,  Aj,  for  the  pitch-rate  and 

normal -acceleration  responses  to  a  step  stick  force: 

TRP  -  (TRP)  .  ♦  (TRP)n  +0.2  (t  -0.2) 

0  Z  II  z 

(TRP).  -  (t./t  ).  ♦  0.08  (A.  -1.0) 

0  a  c  0  a9 

(TRP)  -  0.S  (t.  -0.7)  ♦  0.3  (A.  -0.3) 

nr  Anr 

where  the  constants  were  determined  empirically.  The  0.2  (Tnz  -0.2)  term  is  used  only  when 

TRP  is  small,  less  than  0.23.  All  terms  must  be  positive;  if  any  should  be  negative  they 
are  set  to  zero. 

Brulle  and  Moran  (Ref.  25}  plot  this  criterion  using  the  data  of  Ref.  26  to  show  good 
correlation  with  Cooper-Harper  rating: 

PR  -  10  -  12.19  exp  (-3.18  TRP) 

with  *1  rating  encompassing  almost  all  the  data.  Using  fixed-based  simulator  evaluations, 

Brulle  again  gets  excellent  correlation  of  TRP  with  pilot  rating.  However,  Figure  3  shows 
this  trend  to  be  rather  different  from  that  of  the  Di  Franco  data.  Some  moving-base  simu¬ 
lator  results  were  intermediate,  as  were  some  cases  which  had  deadbeat  response  with  and 
without  direct  lift.  For  these  Abrams  has  suggested  a  modified  TRP  with  an  additional  term 

^DB  "  14Tn*  *  -16 

Thus  TRP  appears  to  be  a  useful  indicator  of  flying  quality  trends,  though  it  does  not  yet 
seem  definitive  enough  to  use  as  a  requirement. 


Chalk's  Pitch  Rate  Response  Criteria:  In  Reference  27,  Chalk  proposed  requirements  on 
pitch  rate  response  as  shown  in  Figure  4.  Maxinun  values  for  effective  time  delay,  tj, 

were  also  specified  but  since  they  are  similar  to  the  requirements  in  3.5.3  of  MIL-F-8785C 
they  are  not  discussed  here.  For  a  classical  second-order  system  the  parameters  used, 
transient  peak  ratio  and  rise  time  parameter,  are  directly  related  to  the  parameters  used 
in  MIL-F-8785C2®,  viz.  damping  ratio  and  Control  Anticipation  Parameter.  Once  formulated 
as  shown,  however,  the  requirements  are  independent  of  systems  order  and  apply  directly 
to  the  actual  response  -  thus  avoiding  problems  of  interpretation.  The  actual  numbers 
themselves  are  also  revised  from  the  corresponding  ones  in  MIL-F-878SB:  lower  Level  2 
and  3  boundaries  for  damping  ratio  and  lower  boundaries  at  all  levels  for  w^/n0  (Chalk 

places  no  Level  3  requirement  on  the  rise- time  parameter). 

This  is  one  of  the  requirements  considered  in  our  recent  study29  of  flying  qualities 
for  large  airplanes. 

Neal-Smith  Criterion 

A  criterion  for  good  closed-loop  pitch  tracking  was  proposed  by  Neal  and  Smith  in 
Reference  23.  The  gain  and  phase  characteristics  of  the  open-loop  transfer  function  of 
pitch  attitude  error,  including  a  specified  pilot  model,  are  overlaid  on  a  Nichols  chart. 

The  pilot  model  has  a  0.3  sec  time  delay,  plus  lead/lag  compensation  as  illustrated  in 
Fig.  S.  Pilot  gain  and  equalization  are  adjusted  as  necessary  to  meet  the  closed-loop 
bandwidth  and  droop  standards  shown  in  Figure  6.  The  resulting  closed- loop  resonance  and 
pilot  compensation  are  then  compared  to  the  boundaries  indicated  in  Figure  7,  which  also 
contains  flying  qualities  interpretations  of  the  various  regions  of  the  figure.  Band- 
widths  were  found  which  resulted  in  quite  good  correlation  of  these  boundaries  with  pilot 
comments . 

Examples  of  further  validation  of  the  Neal-Smith  criteria  are  contained  in  Ref.  30 
for  the  B-l  bomber  and  Ref.  31  for  an  F-4C  with  a  highly  augmented  command  augmentation 
system.  Reference  32a  presented  further  work  based  on  the  data  of  Reference  19  (LAHOS 
data),  and  suggested  some  modifications  to  the  original  rules.  Radford  and  Rogers  Smith 
(a)  note  that  landing  is  a  high  bandwidth  task,  (b)  propose  not  forcing  3  db  of  droop, 

(c)  found  a  reduced  pilot  time  delay  necessary  to  fit  the  LAHOS  data  and  (d)  suggest  the 
need  of  an  additional,  "adaptability"  parameter  relating  variations  in  needed  pilot  lead, 
peak  amplitude  ratio  and  bandwidth. 

We  felt  that  we  would  need  a  better  definition  of  the  required  bandwidth  for  each 
task  before  this  criterion  could  be  used  in  the  general  format  of  MIL-F-878SC.  It  can 
certainly  be  a  help  in  the  design  process.  In  this  regard,  extreme  sensitivity  of  the 
parameters  to  small  changes  in  bandwidth  is  an  indication  of  potential  problems. 

Reference  23  also  discussed  a  way  to  simplify  or  approximate  the  criterion,  which  was 
developed  into  a  proposed  revision  in  Ref.  IS.  This  proposed  requirement  is  a  function  of 
only  open-loop  characteristics  of  the  pitch  response,  as  shown  in  Figure  8. 

Step  Target  Tracking 

In  Ref.  33,  Onstott  proposes  a  two-stage  model  of  tracking  a  step  change  in  aim  error 
during  target  tracking.  Both  models  incorporate  a  0.3-second  time  delay  and  adjustable 
lead,  and  the  second  model  also  has  an  integral  term.  The  model  parameters  and  the  switch¬ 
ing  time  are  selected  to  maximize  time  on  target  (with  a  pipper  diameter  of  5  milliradians) . 
Onstott  used  the  Neal-Smith  data  to  divide  the  rms  error  vs.  time-on-target  plane  into 
regions  of  flying  qualities  Levels  (Fig.  9).  His  finding  that  both  quickness  of  acquisi¬ 
tion  (small  rms  pitch  error)  and  time  on  target  determine  flying  qualities  acceptability 
is  obviously  correct  in  general.  This  is  another  approach  that  we  feel  would  be  an  aid 
in  the  design  process  but  is  not  defined  sufficiently  to  be  used  as  the  basis  for  a  speci¬ 
fication.  Ref.  32a  presents  some  further  analysis. 

Paper  Pilot  and  Similar  Optimal  Pilot  Models 

"Paper  Pilot"  is  now  an  adult.  Anderson  proposed  this  closed-loop  flying  qualities 
prediction  technique  in  1960  (Ref.  34)  as  a  unified  way  to  specify  hover  dynamics  for 
both  rate  and  attitude  control  systems.  Paper  Pilot  adjusts  parameters  of  a  pilot  model 
appropriate  to  the  task,  such  as  (for  hover) 

YPe  "  'VTL0  *  *  (*  *  2/0/(s  ♦  2/t) 

Yp  ‘  Kp  <TL  *  J> 

KX  X 

to  minimize  a  task-dependent  rating  function,  which  he  first  took  to  be 
R  ■  Rj  ♦  Rj  ♦  Rj  ♦  1.0 


R,  »  o  ♦  lOo  -0..  0  <  R,  <  2.5 

1  q  m,  —  1  — 


R,  *  2. ST,  <  3.25  sec. 
1  L0  “ 

R-  ■  T.  <1.2  sec. 

3  Lx  " 


a  In  radians/second 

q 

a  The  required  performance,  determined 
™'empirically  to  be  0.8  feet 

for  compensating  in  the  presence  of  atmospheric  turbulence.  The  parameters  are  bounded 
by  the  limits  shown.  Several  theses  extended  the  model  to  other  piloting  tasks.  Dillow 
and  Picha  (Ref.  35)  used  a  pilot  model  with  a  "smarty-pants  Kalman  filter"  in  single-and 
dual-axis  tracking  tasks  with  thresholds.  They  were  able  to  find  weighting  functions 
which  gave  good  to  excellent  correlation  between  analysis  and  experiment  in  hover,  pitch 
tracking  and  roll  tracking.  Using  these  cost  functions  they  obtained  good  correlation  of 
trends,  if  not  rating  and  performance,  with  other  experimental  data.  Dillow  and  Picha' s 
pilot  model  uses  pilot-perceived  control  variables  and  their  rates.  RMS  control  rate 
(adjusted  to  correspond  to  0.1  sec.  neuromuscular  lag)  is  a  measure  of  pilot  workload, 
although  incomplete  understanding  of  the  parameter  is  professed. 

More  recent  closed-loop  analyses  utilizing  optimal  pilot  models  include  the  work  of 
Hess  (Ref.  36)  and  Levison  (Ref.  32b).  Although  various  investgators  have  claimed  success 
particularly  with  single-axis  tracking,  much  of  the  flying  qualities  community  remains 
reluctant  to  use  closed-loop  parameters  directly  in  a  specification  (Ref.  37a).  For  the 
present,  pilot-vehicle  analysis  has  achieved  wider  acceptance  as  a  design  tool,  e.g.. 

Ref.  38,  than  as  a  form  of  design  requirement. 


Heading  Control  Criteria 


The  use  of  "coordinated"  aileron  and  rudder  is  accepted  as  normal  piloting  technique, 
provided  that  the  required  rudder  inputs  are  not  too  demanding  a  task.  Reference  14 
indicated  that  the  response  to  rudder  inputs  necessary  to  coordinate  turns  plays  a  domi¬ 
nant  role  in  evaluations,  and  proposed  a  quantitative  measure  of  acceptable  and  unaccept¬ 
able  characteristics.  The  analysis  of  coordination  in  turn  entry  (defined  as  keeping 
sideslip  close  to  zero,  where  Tft  and  Tft  are  the  mid-frequency  zeros  of  the  8/ and 
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B/6ac  transfer  functions  respectively. 
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FUNCTION 

Determines  complexity  of  rudder 
activity  necessary  for  ideally- 
coordinated  turns.  Also  defines 
phasing  of  heading  results  when 
rudder  is  not  used. 
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Determines  magnitude  of  rudder 
required  and/or  high  frequency 
yawing  induced  by  aileron  inputs. 


Boundaries  developed  using  data  from  six  sources  are  presented  in  Figure  10. 

Calspan  proposed  revisions!5  to  ameliorate  some  of  the  problems  encountered  in  appli¬ 
cation  of  the  roll-sideslip  coupling  requirements  of  MIL-F-878S/C.  By  deleting  the  spiral 
mode  from  time  history  traces,  the  Dutch  roll  oscillation  would  be  easier  to  work  with. 

A  further  refinement  would  substitute  the  bank  angle  and  roll  rate  at  the  first  peak  for 
the  now-specified  average  value;  new  boundaries  were  drawn  in  terms  of  these  parameters 

and  a  different  phase  angle:  of  the  ♦  or  p  response,  not  the  sideslip  response.  We  felt 

these  changes  to  be  no  more  than  a  marginal  improvement,  while  they  would  add  somewhat  to 
the  complications  of  an  already  overly  complex  set  of  requirements. 

It  is  widely  recognized5*  !5»  27,  29  that  lateral  acceleration  is  an  important 

parameter  of  roll  response,  heading  control  and  turbulence  response.  An  adequate  way  to 
account  for  this  factor  quantitatively  in  a  generalized  flying  qualities  requirement, 
however,  has  not  yet  been  found.  The  various  requirements  on  dynamic  sideslip  response 
give  partial  but  not  full  coverage. 

We  are  still  looking  for  a  simpler  yet  more  meaningful,  more  comprehensive  way  to 
specify  lateral -directional  dynamics. 

The  foregoing  is  only  an  overview  in  order  to  illustrate  the  diversity  of  criteria 
that  have  been  proposed.  Other  References,  such  as  32c  and  two  Dutch  reports  (NLR)*** 
present  surveys  of  contemporary  flying  qualities  criteria  with  checks  against  flight 
simulator  results  for  a  transport  airplane  utilizing  active  control  technology. 


CURRENT  STATUS 


As  we  have  indicated,  the  past  decade  saw  a  large  number  of  criteria  proposed, 
frequently  substantiated  by  only  one  data  set.  The  designers  were  faced  with  the  problem 
of  deciding  which  criterion  or  combination  of  criteria  to  use.  Evidence  of  the  dilemma 
is  presented  by  Rickard  (Ref.  32c)  who  indicates  that  thirteen  criteria  or  combinations  of 
criteria  were  considered  in  researching  longitudinal  flying  qualities.  The  recommendation 
for  large  transport  configurations  was  to  use  a  version  of  the  Neal-Saith  criterion  plus 
the  flight  path  stability  requirement  from  MIL-F-878SB.  Yet  more  evidence  of  the  design¬ 
ers  view  of  the  available  criteria  is  contained  in  Reference  41.  For  the  AFTI  control  law 
development  (an  F-16  modification  for  technology  demonstration)  MIL-F-878SB,  C*,  Neal- 
Smith  and  Onstott's  step  target  tracking  criterion  were  all  used  in  different  combinations 
for  different  modes.  Taken  at  face  value  this  would  imply  a  serious  analytical  use  of  the 
available  criteria.  However,  "In  some  cases,  what  the  criteria  considered  "good"  flying 
qualities  did  not  provide  the  desired  results  in  the  simulator."  As  discussed  by 
Rogers  Smith  (Ref.  42)  the  use  of  a  ground-based  simulator  to  "tune"  a  design  is  no  guar¬ 
antee  of  acceptable  flying  qualities.  The  proof  (or  otherwise)  of  the  AFTI  development 
will  be  revealed  by  the  forthcoming  flight  tests. 

What  is  our  approach?  For  the  1980  version  of  the  specification,  MIL-F-878SC28, 
we  have  retained  the  large  data  base  of  MIL-F-878SB  by  using  primarily  the  same  modal 
requirements  -  but  explicitly  applied  to  equivalent  system  parameters  (Figure  11a).  In 
this  way  we  apply  the  requirements  based  on  modal  characteristics  to  the  overall  aircraft 
response.  There  should  now  be  no  implication  that  we  are  considering  dominant  modes.  We 
also  believe  that  this  is  responsive  to  the  needs  of  designers.  Failure  of  an  equivalent 
system  parameter  to  meet  the  requirement  then  indicates  the  nature  of  the  problem  (e.g., 
damping,  delay  or  lag).  We  acknowledge  that  the  use  of  equivalent  systems  is  not  a  magic 
solution  to  good  flying  qualities;  however,  properly  used  it  is  a  good  tool  for  designing 
or  evaluating  advanced  configurations  which  are  becoming  indiscriminately  complex. 

In  the  past,  both  operational  experience  and  flying  qualities  research  were  largely 
limited  to  aircraft  which  behaved  in  the  classical  manner:  response  to  control  and  dis¬ 
turbance  inputs  characterized  by  transfer  functions  of  familiar  form.  The  effects  of 
additional  dynamics  introduced  through  the  flight  control  system  were  recognized  at  the 
time  MIL-F-8785B  was  written,  but  limited  knowledge  prevented  adequate  treatment.  Still, 
aircraft  design  developments  continue  to  emphasize  equalization  to  "improve"  aircraft 
response.  Certainly  one  would  expect  that  failure  to  consider  one  or  more  dynamic  modes 
in  the  frequency  range  of  pilot  control  would  give  erroneous  results.  Prime  examples  in¬ 
clude  the  F-14*’  and  the  YF-17^  designs.  The  F-14's  stability  augmentation  system  was 
designed  to  increase  the  low  short-period  frequency.  At  one  stage  of  the  design  it  appear¬ 
ed  to  do  that  well  in  landing  approach,  but  it  also  introduced  higher-order  dynamics  which 
resulted  in  an  overall  "effective  short-period  frequency"  little  changed  from  augmentation- 
off.  In  a  flight  evaluation  of  predicted  YF-17  characteristics  using  the  FDL-Calspan 
NT- 33  Variable  Stability  Airplane,  pilots  rated  the  short-period  response  poor  to  bad.  It 
is  pertinent  that  a  configuration  intended  to  have  good  flying  qualities  got  "good"  pilot 
ratings  in  flight  only  after  the  flight  control  system  compensation  had  been  simplified. 
Reference  14  cites  a  number  of  such  problems  with  recent  airplanes. 

There  are  several  simple  mechanizations  which  can  augment  stability  without  increas¬ 
ing  the  order  of  the  system  response.  However,  prefilters,  forward-loop  compensation, 
crossfeeds,  etc.  are  legitimate  design  tools  which  are  being  used  on  many  current  aircraft 
and  indeed  seem  to  be  the  norm.  These  artifacts  do  increase  system  ordeT  and  we  need  to 
be  able  to  account  for  their  effects  in  the  requirements.  Thus,  with  modern  flight  control 
and  stability  augmentation  systems,  there  has  been  considerable  confusion  regarding  the 
"proper"  selection  of  modal  parameters  such  as  short-period  frequency  and  damping.  Corre¬ 
lation  of  Level  1  flying  qualities  requirements  with  characteristics  of  the  bare  airframe 
is  certainly  not  valid  for  augmented  vehicles.  We  therefore  focus  attention  on  the  qual¬ 
ity  of  the  actual  overall  response  perceived  by  the  pilot,  rather  than  imply  consideration 
of  a  dominant  mode  as  may  be  inferred  (however  incorrectly)  for  MIL-F-878SB.  In  concept, 
the  equivalent  system  approach  is  consistent  with  our  belief  that  the  pilot  desires  a 
clean,  classical,  second-order  response.  It  may  not  always  be  clear  exactly  what  the 
appropriate  variable  is,  depending  on  the  particular  piloting  task.  We  suggest,  however, 
that  the  problem  is  to  convince  designers  to  use  the  new  flight  control  technology  to  do 
the  "old-fashioned"  flying  qualities  better.  This  requires  resisting  the  urge  to  incor¬ 
porate  technology  for  its  own  sake;  for  example,  see  References  42's  discussion  of  flying 
qualities  problems  of  recent  advanced  aircraft.  The  message,  then,  is  to  satisfy  the 
intent  of  the  specification.  We  have  assumed  that  the  preceding  points  will  be  discussed 
in  more  detail  in  other  papers  at  this  conference.  Gibson's  paper  is  one  excellent  example 
of  translating  the  intent  of  MIL-F-878SB  into  design  guidance. 

The  preceding  discussion  should  not  be  taken  as  implying  that  only  small  benefits  can 
be  expected  from  flight  control  technology.  On  the  contrary,  multimode  control  allows 
tuning  the  "old-fashioned"  flying  qualities  for  each  different  task.  Failure  requirements 
can  be  satisfied  by  redundant  and  reconf igurable  flight  control  systems,  control  forces 
can  be  tailored  to  avoid  both  the  too  light  and  too  heavy  extremes,  etc.  Automation  of 
routine  pilot  tasks  is  not  new,  but  it  is  being  expanded  into  newer  areas  such  as  Integrat¬ 
ed  Flight/Fire  Control.  Finally,  completely  new  modes  of  operation  are  possible  with  the 
incorporation  of  direct  force  control  capabilities.  The  use  of  direct  sideforce  control 
has  been  shown  to  be  beneficial  for  air-to-ground  weapon  delivery  when  mechanized  as  a 
Wings -Level -Turn  mode  controlled  by  the  rudder  pedals.  In  this  form,  such  a  mode  comple¬ 
ments  the  conventional  flying  qualities  characteristics  instead  of  replacing  them.  It  is 


also  Interesting  to  note  that,  of  the  various  nodes  evaluated  on  the  CCV  YF-16,  the  best  1 

rating  was  given  to  the  Maneuver  Enhancement  node  -  the  use  of  blended  Direct  Lift  Control  1 
to  increase  the  bandwidth  of  the  conventional  pitch  response.  fl 

The  equivalent  system  approach  to  flying  qualities  criteria  will  be  discussed  in  de-  1 
tail  in  John  Hodgkinson's  paper  later  in  this  conference.  After  the  preceding  discussion, 
however,  it  is  appropriate  to  discuss  the  rationale  for  using  equivalent  systems  in  MIL-F- 
878SC.  One  obvious  advantage  is  that  it  preserves  the  data  base  of  MIL-F-878SB.  It  should 
also  satisfy  the  philosophy  of  the  preceding  discussion.  The  overall  aircraft  response 
to  pilot  input  has  to  meet  second-order  type  requirenents .  There  are  still  some  questions 
of  interpretation  to  be  answered,  e.g.  Figure  lib.  These  were  the  subject  of  much  discus¬ 
sion  at  the  recent  Flight  Dynanics  Laboratory  symposium,^  without  resolution. 

One  often  encounters  more  than  one  equivalent  system  giving  a  good  fit.  Slight  dif¬ 
ferences  in  the  frequency  range  used,  differences  in  initial  parameter  values,  or  differ¬ 
ences  in  optimization  procedure  can  lead  to  a  multitude  of  "equivalent"  systems.  The 
situation  is  analogous  to  the  nonuniqueness  problem  encountered  by  past  researchers  in 
analog  matching.  Although  this  may  present  a  dilemma  for  purposes  of  identifying  a  plant, 
in  our  experience  it  has  not  been  a  problem  for  purposes  of  predicting  handling  qualities 
Levels;  each  "good  fit”  equivalent  system  for  a  given  higher-order  system  has  generally 
led  to  the  same  prediction  of  pitch  tracking  flying  qualities. 

He  are  currently  developing  better  guidance  for  applying  equivalent  system  parameters 
to  the  requirements  of  MIL-F-8785C,  (e.g.  Reference  45a). 

FUTURE  DIRECTIONS 

We  are  in  the  midst  of  further  revision  of  the  specifications  into  a  MIL-Standard  and 
Handbook.  The  Standard  will  be  only  the  skeleton  of  a  detailed  airplane  specification, 
with  blanks  for  the  requirements.  The  Handbook  will  contain  all  the  information  needed  to 
fill  in  the  blanks  for  a  particular  aircraft  mission.  This  will  consist  of  recommended  \ 

criteria  with  substantiation,  including  the  possibility  of  alternative  criteria  being 
recommended  for  a  certain  airplane  class,  task  or  form  of  control.  As  outlined  by 
Weingarten37b  the  Aeronautical  Systems  Division  is  in  the  midst  of  converting  the  aero-  ] 

nautical  specifications  it  uses  to  this  new  format.  Coordination  with  the  other  Military  j 
services  is  proceeding,  and  a  widespread  changeover  to  this  format  is  envisioned.  j 

The  format  of  the  Handbook  will  also  facilitate  making  clear  what  the  intent  of  each  : 
requirement  is,  by  formalizing  and  expanding  the  information  in  the  current  backup  docu-  j 

ment.8  At  our  recent  symposium,  discussing  the  proposed  Standard  and  Handbook,  one  Indus-  1 
try  representative  was  of  the  opinion  that  the  new  documents  should  be  oriented  towards  j 

forcing  a  dialogue  between  the  industry  flying  qualities  and  control  systems  disciplines. 

The  implication  was  that  flying  qualities  engineers  may  understand  the  requirements  but 
they  probably  do  not  have  control  over  the  "output"  of  the  flight  control  system.  An 
obvious  danger  of  this  situation  is  that  we  may  end  up  with  "perfect"  control  of  the  wrong 
variable. 

At  the  FDL  symposium, 45  there  was  a  feeling  that  a  small  group  of  researchers  were 
discussing  minute  details  of  the  criteria,  whereas  practical  design  guidance  was  at  a 
premium.  A  goal  of  the  new  MIL-Standard  and  Handbook  is  to  provide  such  guidance.  One 
part  of  this  is  to  provide  alternate  criteria  in  the  Handbook.  As  the  earlier  discussion 
showed,  many  criteria  have  been  developed  which  are  valid  for  at  least  a  particular  data 
set  or  application.  There  must  be  some  validity  in  all  of  them;  an  objective  in  the 
Handbook  will  be  to  emphasize  the  similarities  between  the  different  criteria  and  where 
they  are  most  effective.  The  Handbook  will  also  be  developed  continuously.  The  first 
major  activity  will  be  the  addition  of  STOL  requirements. 

There  is  a  continuing  need  to  define  the  piloting  requirements.  As  aircraft  and 
mission  tasks  become  more  complex  certain  tasks  may  be  automated,  such  as  Integrated 
Flight/Fire  Control  (IFFC).  Optimum  performance  is  achieved  through  the  correct  balance 
of  manual  and  automatic  control  inputs.  Operational  requirements  such  as  night  in-weather 
ground  attack  will  only  be  satisfied  by  a  truly  integrated  design  of  the  aircraft  response 
characteristics,  display  and  controller  characteristics  and  the  automatic  functions.  We 
plan  to  add  more  rigorous  consideration  of  closed-loop  or  pilot-in-the-loop  criteria. 

Transfer  functions  are  inherently  linear  representations  of  the  actual  dynamics. 

Various  requirements  state  specifically  that  they  apply  to  all  amplitudes  of  motion  and 
to  each  cycle  of  an  oscillation.  Generally,  the  intent  in  the  specification  is  to  estab¬ 
lish  bounds  on  parameters  of  a  rational  quasilinear  representation  of  the  system  for  all 
reasonable  amplitudes  of  control  inputs  and  airplane  motions  (with  separate  requirements 
at  such  extremes  as  residual  oscillations  and  stalling).  The  control  saturation  due  to 
very  high  feedback  gains  can  result  in  poor  flying  qualities  at  moderate  to  large  ampli¬ 
tudes,  by  altering  the  motion  parameters  too  severely  from  their  values  at  small  ampli¬ 
tude.14  In  more  general  terms,  a  large  portion  of  the  specification  is  based  on  small 
perturbation  analysis.  We  are  initiating  an  effort  to  develop  non-linear  analysis  tech¬ 
niques  for  use  in  the  Handbook. 

Lastly,  we  need  to  ensure  that  the  new  Standard  and  Handbook  will  be  used  in  future 
aircraft  system  procurements.  This  requires  that  they  be  validated  against  a  recent, 
highly  augmented  aircraft.  We  plan  to  identify  the  requirements  that  are  critical  to  both 
performance  and  cost.  Piloted  simulation  will  be  used  to  study  the  sensitivity  of  critical 


requirements,  i.e.,  what  i-s  the  effact  of  off-noalnal  conditions?  By  implication,  tha 
procass  will  idantify  the  requirements  that  should  ba  weighted  heavily  vs.  ones  that  do 
not  have  much  impact.  If  this  can  be  done,  we  feel  that  both  ASD  and  industry  will  accept 
the  flying  qualities  Standard  and  Handbook  as  essential  to  preventing  the  delays  and  costs 
of  curing  flying  qualities  deficiencies  during  flight  test. 

CONCLUSIONS 

We  have  seen  that  the  flying  qualities  research^of  the  1970s  produced  a  wealth  of 
criteria.  At  the  same  time  the  use  of  flight  control  technology  to  modify  flying  qualities 
expanded  and  the  specification  lost  much  of  its  credibility  among  flight  control  designers. 
The  current  solution  is  to  apply  the  requirements  to  parameters  of  an  equivalent  match  to 
the  actual  high-order  dynamics.  This  will  make  clear  that  the  requirements  apply  to  the 
overall  response  to  pilot  or  external  input,  not  to  any  particular  or  dominant  mode.  A 
further  revision  is  currently  in  progress  which  is  intended  to  address  the  mission 
requirements  more  directly.  For  the  future  we  see  even  more  emphasis  on  closed-loop 
criteria  applied  to  the  piloting  task. 
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Figure  1.  Longitudinal  Attitude  Control-  h)  Pilot  Rating  Variation  with  TRP 

Category  C  Requirements  (Ref  18)  Figure  3.  Definition  and  Correlation 

of  Time  Response  Parameter  (Ref  24) 
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Figure  4.  Requirements  for  Pitch  Rate, 
Response  to  Step  Input  of  Pitch 
Controller  Force  (Ref  27) 


Figure  8.  Pitch  Maneuver  Response 
Requirements  (Ref  IS) 


Figure  10.  Aileron  -  Rudder 
Coordination  Limits  (Ref  18) 


a)  Definition  b)  Interpretation 

Figure  11.  Demonstrating  Compliance  with  Equivalent  System  Parameters  (Ref  47) 


STATUS  OF  VTOL  AND  VSTOL  FLYING  QUALITIES  CNITERIA  DEVELOPMENT 
WHERE  ARE  WE  AND  WHERE  ARE  WE  GOING? 
by 

John  W.  Clark,  Jr.  and  Kevin  W.  Goldstein 
Aerospace  Engineers 

Aircraft  and  Crew  Systeas  Technology  Directorate 
US  Naval  Air  Developaent  Center 
Waralnster,  Pennsylvania,  USA  1897* 


SUMMARY 

Over  the  past  decade,  a  nuaber  of  weaknesses  and  oalsslons  have  been  uncovered  In 
the  VSTOL  and  Helicopter  Flying  Qualities  Specifications  (MIL-F-83300  and  MIL-H-8501A). 
Identification  of  these  weaknesses  has  spawned  technology  developaent  In  a  nuaber  of 
areas.  This  paper  presents  results  (both  interla  snd  final)  in  soae  of  these  areas,  the 
status  of  existing  data  bases  and  the  future  criteria  developaent  needa  aa  perceived  by 
the  US  Navy.  Specific  areas  addressed  Include:  (1)  lnforaatlon  display  and  IMC 
(Instruaent  Meteorological  Conditiona)  flight  requlreaents;  (2)  criteria  definition  for 
highly  augaented,  aulti-aode  control  aeheaes;  (3)  requlreaents  unique  to  the  saall 
seaborne  platfora  operational  environaant;  (4)  requlreaenta  unique  to  varied  rotor 
configurations.  Both  fixed-wing  and  rotary-wing  criteria  are  conaldered. 


INTRODUCTION 

The  US  VSTOL  Flying  Qualities  Specification,  MIL-F-63300  (refarenoe  1),  waa  adopted 
In  Deceaber,  1970.  Since  Its  adoption,  tha  specification  has  never  been  used  In  the 
procureaent  of  a  new  airfraae  (either  flxed-wlng  or  rotary-wing).  It  has,  however,  been 
evaluated  through  ex  post  facto  application  to  tha  charaoterlatlca  of  exlating  prototype 
and  production  fixed-wing  VSTOL  conflguratlona  Including  the  AV-8A,  YAV-8A  and  VAK-191B 
(references  2  through  4).  As  s  result  of  these  applications,  a  nuaber  of  potential 
weaknesses  and  shortcoalngs  have  been  identified  In  the  specification.  Both 
quantitative  requirements  snd  qualitative  elaaslflcatlons  have  been  found  to  be  In  need 
of  revision,  primarily  in  the  areas  of  IMC  operation,  dlaplay  requlreaents,  hover  end 
low-speed  flight  control  power  and  rasponaa,  highly  augaented  vehicle  dynamic  response 
and  snail  deck  shipboard  operations.  Considerable  criteria  developaent  effort  hes  been 
expended  over  the  past  five  years  to  Improve  the  requlreaents  In  these  ereas.  This 
paper  will  attempt  to  provide  an  overview  of  resulting  proposed  criteria  for  hover  and 
low-speed  flight  as  well  as  Interla  results  for  the  transltlon/oonverslon  regime  for 
flxed-wlng  configurations. 

With  the  developaent  of  a  new  generation  of  rotary-wing  aircraft  for  military 
operations,  it  has  beooae  apparent  thgt  the  present  helicopter  handling  qualities 
specification,  MIL-H-8501A  (referenca  5),  cannot  accurately  assess  the  characteristics 
of  these  aircraft.  Tha  fact  that  MIL-H-8501A  was  last  updated  20  years  ago  only  tends 
to  aggravate  the  problea.  The  US  Navy  Light  Airborne  Multipurpose  System  (LAMPS) 

SH-60B,  the  US  Army  Utility  Tactical  Transport  Aircraft  System  (UTTAS)  UH-60A,  and  the 
Advanoed  Attack  Helloopter  (AAH)  all  use  advanced  flight  control  systeas  for  stability 
and  control  augaentatlon.  The  need  to  specify  the  flying  qualities  of  these  stste  of 
the  art  vehicles/control  systeas  has  necessitated  the  use  of  "type  specifications11  or 
"prlae  Item  developaent  specifications1'  uniquely  devised  for  each  new  alreraft/oontrol 
system.  Many  papers  have  been  written  describing  the  numerous  shortcoalngs  of 
MIL-H-8501A  In  realistically  regulating  handling  qualities  of  present  and  future 
helicopters  (references  6  through  10),  indicating  a  vary  real  need  for  an  updated 
version  of  the  specification.  These  areas  Include  mission  oriented  criteria  and 
quantitative  erlterla  addressing  degraded  flying  qualities.  To  facilitate  the 
developaent  of  revised  criteria  It  Is  necessary  first  to  ooaplle  a  data  base  of  past  snd 
present  helicopter  stability  and  control  characteristics.  This  paper  presents  the 
beginning  of  such  a  compilation. 

The  SH-60B  and  CH-53D  single  rotor  helioopters  are  comparatively  analyzed  against 
the  fundaaental  flying  qualities  characteristics  addressed  by  MIL-H-8501A.  Vertlcsl 
control  response  and  autorotation  criteria  are  not  lnoluded  at  this  tlae.  Flight  test 
data  for  the  XH-59A  Advancing  Blade  Conoept  (ABC),  the  XV-15  tilt  rotor,  snd  the  CH-46A 
tandea  rotor  are  also  Included  and  dlscuased. 

In  tha  developaent  of  tha  present  day  VSTOL  handling  qualities  specifications, 
MIL-F-83300  (reference  1)  and  AGARD  577  (refarenoe  11),  extensive  rotary-wing  pilot 
rating  data  were  analyzed  to  substantiate  the  finalised  hover/low-speed  criteria. 
Although  AGARD  577  is  not  Intended  to  be  a  helloopter  specification  and  MIL-F-83300  hss 
not  been  used  by  tha  A ray  or  Navy  for  a  helloopter  developaent  prograa,  these 
specifications  do  supply  alternative  methods  of  addressing  VTOL  handling  qualities 
characteristics.  The  alternative  criteria  froa  MIL-F-83300  and  AGARD  577  are  dlreotly 
compered  with  the  erlterla  froa  MIL-H-8501A  to  highlight  the  helloopter  speoifloetion 
deficiencies  and  vehicle  anomalies. 

Tha  body  of  this  paper  Is  Intended  to  summarize  the  primary  areas  of  weakness  In 
applying  MIL-F-83300  to  flxed-wlng  configurations  and  MIL-H-8501A  to  rotary-wing 
configurations.  Progress  made  in  overcoming  these  weaknesses  is  detailed  and  plans  for 
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future  development  efforts  are  presented.  Although  there  Is  overlap  In  a  number  of 
areas,  an  attempt  has  been  made  to  separate  fixed  and  rotary-wing  developments  for  the 
purposes  of  discussion. 


MIL-F-83300  DEFICIENCIES 

As  previously  stated,  experience  since  the  adoption  of  MIL-F-83300  has  identified 
deficiencies  In  the  specification.  A  comprehensive  review  of  the  specification  and 
Identification  of  its  potential  weaknesses  was  performed  by  Hoh  and  Ashkenas  of  Systems 
Technology,  Inc.  (reference  12).  The  significant  results  of  this  review  are  summarized 
in  the  following. 

As  currently  written,  the  specification  assumes  that  "IFR  capability  is  inherent  in 
all  military  aircraft  operational  missions  and,  therefore,  the  detailed  requirements  are 
intended  to  reflect  this  assumption".  The  Navy's  mission  is  considerably  more  demanding 
than  that  implied  in  the  specification  background.  It  encompasses  operations  aboard 
small  seaborne  platforms  in  a  highly  dynamic  environment  (up  to  Sea  State  5)  and 
extremely  low  visibility  conditions  (700  ft  visibility).  Since  required  flying 
qualities  for  VSTOL  operation  in  such  an  environment  can  be  significantly  different  than 
those  for  VMC  and  other  IMC  conditions,  it  is  imperative  that  a  specific  delineation  of 
task,  environment  and  information  display  needs  be  included  when  defining  requirements. 

The  MIL-F-83300  requirement  on  cockpit  control  gradient  requires  a  smooth  and 
stable  variation  of  control  force  with  airspeed  for  both  pitch  and  roll  controllers. 
While  control  force  gradients  of  some  type  are  required,  it  is  questionable  as  to 
whether  gradients  with  speed  are  always  desirable  -  particularly  when  attitude 
augmentation  is  implemented.  For  example,  an  attitude  command  control  system  requires  a 
force  gradient  with  attitude  which  is  most  likely  independent  of  airspeed.  Therefore, 
the  cockpit  control  gradient  criteria  should  be  dependent  on  the  type  of  control 
augmentation  implemented.  Likewise,  cockpit  controllers  other  than  center  stick  type 
(e.g.,  sldestlck  controllers)  must  be  considered  for  advanced  VSTOL  aircraft. 

Dynamic  response  requirements  in  the  specification  (for  both  hover/low-speed  and 
forward  flight)  are  based  on  simulator  and  flight  experience  which  are  now  more  than  10 
years  old.  For  the  most  part,  the  requirements  are  not  realistic  for  the  Navy's 
proposed  mission  or  state  of  the  art  control  augmentation  schemes  which  exhibit 
responses  which  are  significantly  different  from  the  "classical”  VSTOL  dynamics 
considered  in  the  development  of  MIL-F-83300.  Revised  requirements  are  needed  which 
specifically  account  for  characteristics  unique  to  attitude,  attitude  rate  and 
translational  rate  augmentation  systems. 

MIL-F-83300  specifies  required  vehicle  control  power  in  a  general  fashion  in  terms 
of  attitude  change  required  in  one  second  or  less  following  an  abrupt  application  of 
control.  With  this  approach,  the  breakdown  of  oontrol  power  required  for  trim, 
maneuvering  and  disturbance  regulation  is  not  addressed.  The  "attitude  in  one  second” 
specification  is  far  too  general  to  adequately  design  highly  augmented  attitude  systems 
and  is  especially  inadequate  for  direct  force  driven  translational  rate  control  systems. 
One  ^proposed  solution  to  the  problem  is  the  specification  of  bandwidth  limits  on 
specifically  defined  equivalent  response  characteristics.  Further  analysis,  simulation 
and  flight  experience  la  needed  in  this  area. 

Height  oontrol/response  characteristics  are  currently  specified  in  terms  of 
avellable  oontrol  power  (both  incremental  vertloal  acceleration  and  steady-state 
thrust-to-welght)  allowable  control  command  lags  and  minimum  rate  of  climb  response. 

The  fact  that  these  parameters  are  specified  independently  does  not  allow  for  tradeoffs 
to  meet  the  overall  response  requirement  for  the  Navy  shipboard  landing  task.  It  has 
been  proposed  that  specifying  a  crltioal  maneuver  in  a  given  disturbance  environment 
will  allow  for  design  trades  between  available  thrust  level,  engine  response  time  and 
inherent  alrcraft/oontrol  dynamics  (e.g.,  equivalent  height  damping)  to  achieve  the 
desired  overall  response  characteristics. 

In  general,  the  forward  flight  (35  knots  to  conversion  speed)  and  transition 
requirements  of  MIL-F-63300  are  inconsistent  with  the  corresponding  requirements  of  the 
CTOL  specification,  MIL-F-8785C  (reference  13) .  Not  only  is  there  inconsistency  in  the 
quantitative  level  or  the  requirements  but  also  in  the  format  in  which  they  are 
specified.  MIL-F-6785C  now  uses  "equivalent”  dynamics  where  dominant  mode  dynamics  were 
previously  specified.  An  update  of  the  appropriate  sections  of  MIL-F-83300  is  required 
to  be  eonslstent  with  the  equivalent  dynamics  approaoh,  particularly  at  the  conversion 
speed  interface. 

As  indicated  by  the  preoeedlng  summary,  a  number  of  sections  of  MIL-F-83300  appear 
t  to  be  in  need  of  some  degree  of  revision.  Table  1  lists  the  specification  paragraphs 

which  have  been  identified  and  indicates  those  areas  where  effort  has  been,  is  being  or 
is  planned  to  be  devoted  to  each  by  US  Navy  sponsored  research,  and  whether  or  not  a 
revision  has  been  proposed. 

The  following  sections  of  this  paper  will  detail  the  results  of  studies  to  date 
which  have  culminated  in  proposed  criteria  in  two  areas  -  (1)  Control/Display  System 
Criteria  and  (2)  Hover /Low-Speed  Equivalent  System  Criteria.  These  sections  are 
followed  by  interim  results  of  ongoing  analysis  looking  at  Forward  Flight/Transition 
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TABLE  1:  SUMMARY  OF  CRITERIA  REVISION  EFFORTS 


SUBJECT 


Application 

Operation  under  instrument  flight  condltlona 


•C  <6 

X  0  0  X 


Hover  and  low  apeed 

Equilibrium  characteristics 

Cockpit  control  gradients .  X  X  0  0 

Dynamic  response  requirements 

Pitch  (roll) .  X  0  0  X 

Directional  damping . . .  X  0  0  X 

Control  characteristics 

Control  power .  X  X  0  0 

Response  to  control  Input... .  X  0  0  X 

Maneuvering  control  margin.... .  X  0  0  0 

Control  lags . X  0  0  X 

Vertical  flight  characteristics 

Height  control  power .  X  0  0  0 

Thrust  magnitude  control  lags . X  0  X  0 

Response  to  thrust  magnitude  oontrol  Input .  X  0  X  0 


Forward  flight 

Longitudinal  equilibrium .  X  X  0  0 

Longitudinal  dynamic  reaponae.. .  X  X  0  0 

Pitch  control  effectiveness  in  maneuvering  flight 

Maneuvering  control  margins .  0  0  X  0 

Speed  and  flight-path  control . .  0  X  X  0 

Lateral-directional  characteristics 

Lateral-directional  osolllatlons  (Dutch  Roll)...  00X0 

Roll  mode  time  constant .  0  0X0 

Spiral  stability .  0  0X0 

Roll-aldesllp  coupling .  0  0X0 

Bank  angle  oscillations .  0  0X0 

Sideslip  excursions .  0  0X0 

Turn  coordination .  0  0X0 


Transition 

Acceleration-deceleration  characteristics .  0  X  X  0 

Flexibility  of  operations..... .  0  X  X  0 

Tolerance  in  transition  program .  0  X  X  0 

Control  margin... .  0  0X0 


Characteristics  of  the  flight  control  system 


Mechanical  characteristics 

Control  centering  and  breakout  forces .  0  0X0 

Cockpit  control  force  gradients .  0  0X0 
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Atmospheric  disturbances 


X  0  0  X 


2-4 


Equivalent  System  Criteria. 


CONTROL/DISPLAY  SYSTEM  CRITERIA 

The  complex  interaction  between  displayed  information  and  control  augmentation 
available  to  the  pilot  has  been  known  and  studied  over  the  years  for  CTOL  aircraft. 
Research  has  concentrated  on  air-to-air  tracking  and,  to  some  extent,  on  limited 
visibility,  conventional  approach  and  landing.  The  Navy  VSTOL  mission  requires 
operational  capability  which  includes  extreme  low  visibility  recovery  aboard  small  ships 
in  up  to  Sea  State  5  conditions  (reference  14).  If  this  goal  is  to  be  achieved,  the 
display  systems  (both  Head  Up  (HUD)  and  Head  Down  (HDD))  must  become  an  active. 
Integrated  part  of  the  aircraft  control  system  design. 

The  trade  between  increasing  display  sophistication  and  increasing  control 
complexity  was  hypothesized  in  a  1972  AGARD  Report  (reference  15)  and  is  repeated  here 
in  Figure  1.  As  depicted  in  the  figure,  system  capability  can  be  Increased  by  either 
"sophisticating"  the  display  (Increasing  Information/Integration)  or  "sophisticating” 
the  control  system  (successively  augmenting  outer  loops).  Inherent  in  this  hypothesis 
is  increased  system  cost  regardless  of  the  approach  taken.  Note  that  the  axes  of  Figure 
1  are  not  quantified  in  any  way  and,  therefore,  give  little  specific  guidance  to  the 
system  designer. 


FIGURE  1:  AGARD  CONTROL/DISPLAY  TRADE-OFF 


Two  recent  research  programs  conducted  by  Cal  span  Corporation  using  the  Navy’s 
X-22A  Variable  Stability  VSTOL  Research  Aircraft  attempted  to  quantify  the 
control/display  tradeoff.  The  first  of  these  studied  decelerating,  descending 
transition  to  hover  under  IKC  conditions  utilizing  an  HDD  (see  reference  16  for 
details).  Control  complexity  varied  from  a  basic  rate  augmentation  system  to  decoupled 
velocity  control.  The  display  formats  were  varied  from  basic  position  situation 
information  to  Integrated  flight  director  information.  Figure  2  summarizes  the  results. 
The  general  conclusion  of  the  study,  as  evidenced  by  Figure  2,  is  that  the  hypothesized 
Interaction  between  control  augmentation  and  display  content  is  exhibited  in  flight. 

The  following  specific  conclusions  also  resulted: 

The  minimal  level  of  displayed  information  must  Include  translational  velocity 
information  to  obtain  acceptable  performance,  regardless  of  the  level  of  control 
augmentation.  This  requirement  is  primarily  hover  oriented  and  reflects  the 
pilot’s  dislike  of  having  to  obtain  translational  rates  implicitly  from  the 
movement  of  symbols  on  the  display. 

Rate  augmentation  alone  is  not  acceptable  for  the  total  IMC  task  unless  full 
control  director  information  is  provided.  Performance  with  the  rate  system  in 
crosswinds  became  unacceptable  even  with  full  director  Information. 

Decoupling  and  augmenting  the  longitudinal  and  vertical  velocity  responses  to 
control  inputs  considerably  enhanced  task  performance  and  tended  to  eliminate  the 
variation  of  pilot  rating  with  display  sophistication  in  the  configurations  where 
ground  velocity  was  explicitly  displayed. 


FIGURE  2:  X-22A  TASK  IV  FLIGHT  RESEARCH  RESULTS 

The  second  program  (reference  17)  investigated  control/display  tradeoffs  for  a 
vectored-thrust ,  Jet  lift  VSTOL  aircraft  performing  a  "one-step"  decelerating, 
descending  transition  to  the  hover.  The  primary  conclusions  of  the  previous  study  were 
supported  by  the  results  of  this  study. 

In  general,  it  has  been  determined  that  varying  the  display  content  once  the 
display  hardware  has  been  fixed  results  in  insignificant  change  in  total  system  cost. 
Therefore,  once  the  required  level  of  control  augmentation  is  defined  based  on  mission 
operating  environment,  the  display  content  and  format  may  be  optimized  based  on 
anticipated  visibility  minimums.  Hoh  and  Ashkenas  (reference  18)  have  proposed  a  scheme 
to  facilitate  the  specification  of  control  augmentation  level  and  general  display  format 
as  a  function  of  visibility  level.  To  better  define  visibility  level,  an  Outside  Visual 
Cue  (OVC)  scale  has  been  established  which  provides  a  finer  delineation  than  strictly 
VMC  and  IMC.  The  OVC  level  is  defined  as  a  function  of  the  relative  availability  of 
position,  attitude  and  velocity  visual  cues  (Figure  3).  Using  the  OVC  scale.  Table  2 
specifies  the  minimum  acceptable  level  of  hover  control  augmentation  for  a  given  display 
format/content  and  visibility  level.  Table  2  is  amply  supported  by  available  data  and 
appears  to  be  a  reasonable  approach  to  specifying  VSTOL  design  guidelines,  particularly 
for  hover  and  low-speed  flight.  Keep  in  mind  that  with  this  approach  the  displayed 
information  must  be  optimized  for  the  given  augmentation  level  and  display  format. 
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FIGURE  3:  PROPOSED  OUTSIDE  VISUAL  CUE  (OVC)  SCALE 


HOVER/LON-SPEED  EQUIVALENT  SYSTEM  CRITERIA 

Another  area  of  proposed  revision  is  the  application  of  low-order  dynamic  criteria 
to  complex,  high-order  closed-loop  aircrsft/control  dynamics  of  the  type  most  likely  to 
be  exhibited  by  advanced  VSTOL  aircraft.  Current  thinking  within  the  Navy  and  elsewhere 
tends  to  support  the  "Equivalent  System"  (ES)  approach  implemented  by  Hodgklnson  and 
LeMenna  (reference  19)  and  included  in  the  revision  to  the  CTOL  Flying  Qualities 
Specification,  MIL-F-8785C  (reference  13).  A  recent  Navy  sponsored  study  (reference  20) 
developed  guidelines  for  the  application  of  ES  analysis  to  hover  and  low-speed  flight 
and  revised  dynamic  criteria  In  an  ES  format  have  been  proposed. 


TABLE  2:  MINIMUM  LEVEL  OF  HOVER  CONTROL  AUGMENTATION 


DISPLAY 

RAW  DATA  INTEGRATED 


RAW  DATA  DISPLAY  DISPLAY 

DISPLAY  PLUS  WITH 


Rate  Command  (RC) 

* 

Rate  Command  /  Attitude  Hold  ( RCAH) 

♦ 

Attitude  Command  (AC) 

♦ 

Translational  Rate  Command  (TRC) 


Highly  augmented  VSTOL  configuration  models  with  overall  system  response  types  sueh 
as  those  of  Table  2  must  be  simplified  in  some  unified  manner  so  that  their 
characteristics  may  be  readily  identified  by  a  limited  number  of  equivalent  parameters. 
The  frequency  response  matching  ES  technique  is  being  utilized  in  the  CTOL  regime  with 
reasonable  success  and  shows  promise  for  similar  application  to  VSTOL  configurations. 
Briefly,  the  approach  used  is  to  match  the  frequency  response  (amplitude  and  phase)  of 
the  high  order  system  (HCS)  over  a  given  frequency  range  with  a  preselected  low-order 
system  (LOS)  model  which  minimizes  the  cost  function  or  mismatch,  defined  by  equation 
(1). 

M  =  20/n  ^( ( gain (HOS)- gain ( LOS )) ^+57. 3 (phase (HOS)-phase (LOS) )^)  (1) 

where  gain  is  in  db  and  phase  is  in  radians.  Large  amounts  of  high  frequency  lag  are 
accounted  for  by  including  a  transport  lag  (delay)  in  the  equivalent  system  model. 

Figure  4  shows  the  results  of  applying  this  procedure  to  the  hover  roll  attitude 
command  transfer  function  of  the  VAK-191B.  In  this  case  the  HOS  is  1st/5th  order  and 
the  LOS  is  0th/2nd  order  with  a  transport  lag.  The  figure  shows  that,  for  this  case, 
the  HOS  is  matched  very  well  (M:2.1)  by  the  specified  LOS  form.  Note  that  in  order  to 
obtain  a  good  high  frequency  match,  a  transport  lag  of  0.092  second  was  required  in  the 
LOS  model.  This  case  is  a  perfect  example  of  the  potentially  erroneous  system  dynamic 
information  which  might  be  gained  by  considering  only  the  dominant  oscillatory  mode  of 
the  HOS.  Here  the  dominant  (only)  oscillatory  mode  of  the  HOS  has  a  damping  and 
frequency  of  0.89  and  8.59  radians/second,  respectively;  whereas,  the  corresponding 
parameters  of  the  oscillatory  mode  of  the  LOS  are  0.89  and  3.75.  The  time  domain 
responses  are  essentially  identical  (except  for  the  first  0.1  seconds).  Applying  a 
frequency  domain  criteria  based  on  a  second  order  type  response  to  the  HOS  dominant 
oscillatory  mode  would  most  probably  be  in  error. 
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FIGURE  4:  VAK-191B  ROLL  DYNAMICS  IN  HOVER 

Simulation  results  (reference  20)  have  indicated  that,  for  attitude  control  in 
hovering  flight,  the  equivalent  system  match  should  be  achieved  between  0.5  and  4.0 
radians/second  to  within  a  mismatch,  M,  of  100  or  less.  Equivalent  time  delay  of  0.1 
second  or  less  was  found  to  be  satisfactory  (Level  1)  and  0.3  second  or  less  was 
acceptable  (Level  2).  Additional  simulation  has  been  performed  in  this  area 
specifically  addressing  translational  rate  control  in  hover  and  attitude  control  in 
forward  flight. 

Criteria  revisions  have  been  proposed  which  would  replace  all  or  part  of  Paragraphs 
3.2.2,  3.2.3  and  3.2.4  of  KIL-F-83300.  These  paragraphs  address  hover  attitude 


stability  and  control  dynamics  in  terms  of  dominant  modal  parameters  (frequency  and 
damping)  and  response  in  one  second  with  no  differentiation  between  various  types  of 
augmented  response  characteristics  (rate,  attitude,  translational  rate,  etc.).  Table  3 
summarizes  the  existing  specification  Level  1  requirements.  The  proposed  revisions  to 
these  requirements  are  based  on  an  ES  approach  which  allows  for  several  unique  LOS 
formats  including  attitude,  attitude  rate  and  translational  rata  systems.  The  criteria 
for  each  type  of  response  as  well  as  a  proposed  classification  scheme  are  detailed  in 
the  following. 


The  proposed  LOS  form  for  both  attitude  and  attitude  rate  augmented  vehicle 
response  is  given  by  equation  (2). 


attitude  change 


cockpit  control  deflection 


K(a+1/T)e”t8 
(S+X) (8,+2{wS*w*) 


For  attitude  response,  the  LOS  form  reduces  to  that  of  equation  (3). 


attitude  change 


Ke 


•TS 


cockpit  control  deflection 


(s<+2(U3+a<) 


(2) 


(3) 


These  forms  are  presented  in  reference  18  and  are  based  on  an  extensive  compilation  of 
VSTOL  vehicle  dynamics.  Criteria  are  defined  for  the  LOS  parameters  (K,  1/T,  etc.) 
depending  upon  whether  the  response  is  attitude  or  rate  in  character.  The  dellnatlon 
between  the  two  general  types  of  response  is  provided  by  the  time  domain  criterion  of 
Figure  5.  If  the  impulse  response  of  the  system  lies  within  the  boundaries  of  Figure  5, 
it  must  satisfy  the  attitude  criteria.  If  it  violates  the  boundaries  at  any  point,  it 
is  considered  to  be  a  rate  system. 


PROPOSED  ATTITUOfRIVONSf  CRITERIA 


FIGURE  5:  PROPOSED  ATTITUDE  RESPONSE  CRITERIA 


Once  the  response  type  is  classified  and  its  LOS  equivalent  is  determined,  the 
following  criteria  are  used  to  assess  dynamic  acceptability.  For  attitude  rate  ayatema 
to  be  Level  1,  the  numerator  root  must  be  leas  than  or  equal  to  0.1.  The  eperlodio 
denominator  root  must  be  greater  than  or  equal  to  1.5  and  the  oaclllatory  damping  and 
frequency  and  high  frequency  gain  must  satisfy  the  criteria  of  Figure  5.  Level  1 
attitude  systems  must  meet  the  corresponding  frequency,  damping  and  gain  requirements  of 
Figure  5.  Acceptable  levels  of  time  delay  have  been  previously  defined. 

Close  comparison  of  Figure  5  and  Paragraph  3.2.2. 1  of  Table  3  reveals  that  the 
combined  proposed  orlterla  cover  roughly  the  same  region  of  acceptability  as  the 


TABLE  3:  MIL-F-83300  HOVER  ATTITUDE  STABILITY  AND  CONTROL  REQUIREMENTS 


3.2.2  Dynamic  response  requirements 

3.2.2. 1  Pltch(roll) .  The  following  requirements  ahall  apply  to  the  dynamic 
responses  of  the  aircraft  with  the  cockpit  controls  free  and  with  the*  fixed 
following  an  external  disturbance  or  an  abrupt  pitch  (roll)  control  Input  In  either 
direction.  The  requlreaenta  apply  for  rea ponaea  of  any  aagnltude  that  alght  be 
experienced  In  operational  use.  If  oscillations  are  nonlinear  with  aaplltude,  the 
oscillatory  requlreaenta  shall  apply  to  each  cycle  of  the  oscillation. 

Level  1:  All  aperiodic  responses  ahall  be  stable.  Oaolllatory  aodes  of 
frequency  greater  than  0.5  radians/second  shall  be  stable.  Oscillatory  aodes 
with  frequency  less  than  or  equal  to  0.5  radians/seoond  Bay  be  unstable 
provided  the  daaping  ratio  is  less  unstable  than  -0.10.  Oscillatory  aodes  of 
frequency  greater  than  1.1  radians/ second  shall  have  a  daaping  ratio  of  at 
least  0.3. 


3. 2. 2. 2  Directional  damping.  While  hovering  at  zero  airspeed,  the  yaw  mode  shall  be 
stable  and  the  time  constant  shall  not  exceed  the  following: 

Level  1:  1.0  second 

3.2.3  Control  characteristics.  To  Insure  adequate  hover  and  low-speed  control 
characteristics,  the  following  requirements  shall  be  satisfied  starting  froa  flight 
at  constant  speed  with  zero  angular  rate. 

3.2.3. 1  Control  power.  With  the  wind  from  the  most  critical  direction  relative  to 
the  aircraft,  control  remaining  shall  by  such  that  simultaneous  abrupt  application 
of  pitch,  roll  aod  yaw  controls  in  the  most  critical  combination  produces  at  least 
the  attitude  changes  specified  in  Table  IV  within  one  second  froa  the  Initiation  of 
control  force  application. 

TABLE  IV.  Attitude  Change  in  One  Second  or  Less  (Degrees) 

Level  Pitch  Roll  Yaw 

1  *3.0  *«.0  *6.0 

3. 2. 3. 2  Response  to  control  Input.  The  ratio  of  the  aaxlaua  attitude  change, 
occurring  within  <EKe  First  second  following  an  abrupt  step  displacement  of  the 
appropriate  cockpit  control,  to  the  aagnltude  of  the  cockpit  control  coaaand  shall 
lie  within  the  bounds  of  Table  V.  There  shall  be  no  objectionable  nonlinearities  in 
aircraft  response  to  control  deflections  and  forces. 

TABLE  V.  Response  to  Control  Input 
in  One  Second  or  Less  (Degrees  per  Inch) 

Pitch  Roll  Yaw 

Level  Min  Max  Min  Max  Min  Max 

1  3.0  20.0  4.0  20.0  6.0  23.0 

3. 2. 3. 3  Maneuvering  control  margin .  When  automatic  stabilization  and  control 
equipment  or  devices  are  used  to  overcome  an  aperiodic  instability  of  the  basic 
aircraft,  both  the  magnitude  of  the  Instability  and  the  Installed  control  power 
shall  be  such  that  at  least  50  percent  of  the  nominal  control  moment  can  be 
commanded  by  the  pilot  in  the  critical  direction  through  the  use  of  the  cockpit 
controls. 

3.2.4  Control  lags.  Starting  from  trimmed  hovering  or  low-speed  flight,  the  angular 
acceleration  reaponse  In  the  commanded  direction  shall  be  developed  within  0.1 
second  after  the  Initiation  of  step  displacements  of  the  pitch,  roll  and  yaw  cookplt 
controls.  In  addition,  the  Initial  maximum  angular  acceleration  shall  be  achieved 
within  0.3  second  after  the  Initiation  of  the  cockpit  control  command.  These 
requirements  apply  for  Input  amplitudes  of  up  to  0.5  Inches. 
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existing  specification  does  but  with  better  system  definition.  Further  experimentation 
is  needed  to  define  consistent  requirements  for  Levels  2  and  3. 

The  third  class  of  hover  control  augmentation  considered  is  that  of  translation 
rate  control  (TRC).  MIL-F-83300  does  not  cover  this  type  of  response  but  an  ES  criteria 
has  been  proposed  to  specify  satisfactory  TRC  dynamics.  The  proposed  LOS  fora  is  given 
by  equation  (4). 

translational  velocity  K  e~TS 


cockpit  control  deflection  (Ts+1) 

The  Level  1  boundaries  for  K  and  T  are  given  by  Figure  6.  Theae  boundaries  are  based  on 
results  from  an  in-flight  simulation  using  the  X-22A  Variable  Stability  Research 
Aircraft  (reference  21).  Further  analysis  of  these  data  are  required  to  validate  the 
preliminary  boundaries  and  also  to  determine  the  effect  of  including  a  transport  delay. 


T  (sec) 

FIGURE  6:  PROPOSED  TRANSLATIONAL  RATE  RESPONSE  CRITERIA 


The  hover  directional  criterion  of  the  specification  (Paragraph  3-2. 2. 2)  Halts  the 
allowable  first  orde>-  time  constant  for  Level  1  yaw  rate  response  to  less  than  1  second. 
This  requirement  may  be  applied  directly  in  the  ES  format  if  the  following  LOS  fora  is 
assumed. 


yaw  rate  K 


cockpit  control  deflection  (s+1/T) 

Acceptable  levels  of  the  gain,  K,  in  equation  (5)  are  defined  by  Figure  7.  The 
requirement  of  Figure  7  is  merely  a  reformulation  of  the  yaw  criterion  of  Paragraph 
3. 2. 3. 2  of  MIL-F-83300. 


0.01  0.1  10 
T  toss) 


FIGURE  7:  YAW  RESPONSE  CRITERIA 


FORWARD  FLIGHT/CONVERSION  CRITERIA 


Revision  effort  on  crlterle  epplioeble  to  the  forward  flight  end  transition  regimes 
is  nowhere  near  as  far  along  as  that  for  hover.  The  hover  regime  has  received  the  most 
attention  to  date  because,  for  the  Navy  mission,  it  involves  the  most  severe  operating 
environment  and  has  the  most  rigorous  mission  control  requirements.  Now  that  hover 
requirements  appear  to  be  better  defined,  attention  is  being  directed  to  correcting 
Identified  deficiencies  in  forward  flight  criteria.  In  particular,  two  studies  s re 
currently  underway  which  address  forward  flight  equivalent  system  analysis  and  criteria. 

The  first  of  the  studies  is  being  done  under  contract  by  McDonnell  Aircraft 
Company.  Through  analysis  and  manned  simulation,  it  la  addressing  aspects  of  applying 
the  frequency  response  equivalent  system  approach  to  typical  VSTOL  forward  flight  system 
models.  Control  mode  blending  characteristics  and  attitude  retention  characteristics 
are  also  being  studied.  To  whatever  extent  possible,  control  power  usage  during  the 
simulation  will  be  documented.  The  program  is  scheduled  for  completion  in  July  1982. 

The  second  program  is  being  performed  by  Systems  Technology,  Inc.,  and  is 
concentrating  on  updating  specific  criteria.  So  far,  this  effort  has  progressed  slowly 
due  to  a  lack  of  availability  of  reliable  data.  To  remedy  this  situation,  a  manned 
simulation  effort,  specifically  dealing  with  transition  flight,  is  planned  for  September 
1982  at  the  NASA  Ames  Research  Center.  The  priority  areas  planned  for  investigation 
Include:  (1)  revision  of  existing  Forward  Flight  Criteria  to  allow  for  application  to 
highly  augmented  aircraft;  (2)  investigation  of  disturbances  due  to  actuation  of 
conversion  controls;  (3)  unique  characteristics  of  final  transition  to  the  hover;  and 
(A)  blending  requirements  when  transitioning  between  different  augmentation  schemes. 

This  concludes  the  discussion  of  fixed-wing  criteria  development.  The  remainder  of 
the  paper  will  deal  with  ongoing  and  planned  efforts  specifically  addressing  rotary-wing 
criteria. 


MIL-H-8501A  DEFICIENCIES 

In  comparison  to  the  VSTOL  specification,  MIL-F-83300,  very  little  systematic  work 
has  been  undertaken  within  the  past  decade  to  updete  the  helicopter  specification, 
MIL-H-8501 A.  As  mentioned  above  the  major  military  helicopter  development  programs 
since  1965  hsve  used  type  speclflcstlons  designed  exclusively  for  the  flying  qualities 
charscterlstlcs  of  a  particular  vehicle  mission  and  rotor  configuration.  Although  the 
type  specifications  were  at  first  basically  MIL-H-8501A  with  slight  revisions,  recent 
development  of  the  SH-60B  and  the  AAH  have  had  type  specifications  very  different  from 
MIH-8501 A.  This  Is  due  to  the  need  to  address  the  increased  mission  requirements  of 
these  helicopters.  The  launch  and  recovery  of  the  SH-60B  from  a  seaborne  platform  in  up 
to  Sea  State  5  conditions  is  an  example  of  these  requirements.  Recent  work  with  the  HIM 
type  specification  highlighted  new  problem  areas,  including  the  need  to  address  any 
characteristics  that  may  be  unique  to  a  tilt-rotor  configuration.  Through  the  past 
decade  many  papers  have  been  written  describing  specific  areas  MIL-H-8501A  is  deficient 
(references  8,9,10).  The  major  problem  areas  described  by  these  papers  are  discussed  in 
the  following  paragraphs. 

MIL-H-8501 A  presently  addresses  helicopter  flying  qualities  in  terms  of  the 
longitudinal,  lateral,  directional  and  vertical  axes.  There  Is  no  systematic 
delineation  between  hover/low  speed  characteristics  and  forward  flight  characteristics. 

In  hover  e  helicopter  pilot  tends  to  use  longitudinal,  lateral,  and  directional  controls 
Independently.  For  example,  in  a  station  keeping  task  translation  along  the 
longitudinal  and  lateral  axes  Is  implemented  by  the  respective  eyollc  input,  while 
heading  angle  la  controlled  by  pedal  Inputs.  Forward  flight  characterlstlca  of  a 
helicopter  resemble  those  of  an  airplane,  thus  the  pilot  needs  to  use  lateral  and 
directional  controls  in  a  coupled  manner.  Also  many  single  rotor  helloopters  show  a 
coupled  pitch-roll  dynamic  oscillation  in  hover,  whereas  in  forward  flight  a  dutch  roll 
type  of  response  Is  characteristic.  A  breakdown  of  the  helloopter  apeclfioetlon  into 
hover/low  speed  criteria  and  forward  flight  criteria  (similar  to  MIL-F-83300)  would  be  a 
means  to  address  the  different  axis  couplings  between  hover  and  forward  flight. 

A  suggestion  by  Key  (reference  8)  is  that  a  restructuring  of  MIL-H-8501A  in  line 
with  MIL-F-83300  and  MIL-F-8785C  would  allow  for  a  more  thorough  covering  of  degraded 
flying  qualities.  MIL-H-8501A  presently  hes  qualitative  criteria  for  failures  of  power 
boosted  controls,  automatic  stabilization  systems  and  engine  failures.  Table  A  presents 
one  section  of  a  criterion  addressing  failure  of  an  automatic  stabilization  system. 

There  Is  little  guidance  available  on  what  a  sufficient  level  of  control  or  stability  is 
quantitatively.  Kith  the  complex  augmentation  systems  being  employed  on  the  SH-609  and 
the  CH-53E  there  is  a  need  to  set  minimum  quantitative  levels  of  degraded  flying 
quelltles  for  pertlal  AFCS  failures  and  single  or  dual  engine  failures.  The  three 
levels  of  flying  quelltles  used  In  the  VSTOL  and  CTOL  specifications  could  be 
Incorporated  in  MIL-H-8501A  to  specify  quantitative  levels  of  degraded  flying  qualities 
for  control  response,  static  stability,  and  dynamic  stability  in  any  flight  mode. 

A  third  area  that  could  benefit  from  a  restructuring  of  MIL-H-8501A  is  in  defining 
criteria  that  are  mission  oriented.  The  helicopter  apeoifloatlon  currently  uses  a 
weight  peremeter  for  hover  control  power  considerations  that  is  the  result  of  sealing 
laws  and  not  meant  to  represent  the  variations  In  control  response  due  to  vehlole  mission 


2-12 


differences.  Both  the  VSTOL  and  CTOL  specification  define  four  class  of  vehicles 
according  to  overall  mission  requirements  although  in  MIL-F-83300  the  class  distinctions 
are  only  used  for  control  force  limits  and  roll  control  effectiveness  In  forward  flight. 
Table  5  shows  a  general  breakdown  of  mission  as  used  In  MIL-F-83300.  Shipboard  recovery 
and  nap-of-the-earth  (HOE)  flight  missions  could  be  Incorporated  Into  these  type  of 
cless  divisions. 


TABLE*:  EXAMPLE  OF  MIL-H-8501A  CRITERIA  FOR  STABILIZATION  SYSTEM  FAILURES 

3.5.9(d)  Helicopters  employing  automatic  stabilization  and 

control  or  stability  augmentation  equipment  or  both 
shall  possess  a  sufficient  degree  of  stability  and 
control  with  all  the  equipment  disengaged  to  allow 
continuation  of  normal  level  flight  and  the  maneuvering 
necessary  to  permit  a  safe  landing  under  visual  flight 
conditions. 


TABLE  5:  MIL-F-83300  CLASSIFICATION  OF  AIRCRAFT 
CLASS  DESCRIPTION 

I  Small,  light  aircraft  such  as 

-  light  utility 

-  light  observation 

II  Medium  weight,  low-to-medlum 

maneuverability  aircraft  such  as 

-  utility 

-  search  and  rescue 

-  anti-submarine 

-  assault  transport 

III  Large,  heavy,  low-to-medium 

maneuverability  aircraft  such  as 

-  heavy  transport 

-  heavy  bomber 

IV  High  maneuverability  aircraft 

such  as 

-  fighter 

-  attack 


The  probability  that  future  helicopters  will  have  fly-by-wlre  (FBW)  or  fly-by-llght 
(FBL)  control  systems  Is  very  high.  In  conjunction  with  the  FBW/FBL  technology  it  la 
planned  that  *-axls  sidestick  force  controllers  will  be  part  of  future  helicopter 
control  systems.  MIL-H-8501A,  similar  to  MIL-F-83300  presently  specifies  attitude 
response  per  inch  of  control  displacement,  as  well  as  static  stability  requirements  In 
terms  of  control  position  gradients.  The  fact  that  MIL-H-8501A  can  not  give  adequate 
design  guidance  In  the  areas  associated  with  sidestick  controllers  or  FBW  control 
systems  was  highlighted  in  the  development  of  the  HXM  type  specification.  The  Army  Is 
currently  funding  a  program  to  fill  in  the  large  gap  of  necessary  handling  qualities 
data  to  develop  criteria  addressing  level  1  flying  qualities  with  FBW/FBL  sidestick 
controllers,  as  well  as  degraded  flying  qualities  due  to  SCAB  failures. 


The  Navy  has  begun  an  Independent  program  assessing  the  basic  flying  qualities 
criteria  in  MIL-H-8501A  against  the  VSTOL  specifications  (MIL-F-83300  and  ACARD  577)  and 
representative  present  and  future  rotary  wing  aircraft.  The  significant  results  from 
the  assessment  of  hover  control  power  criteria  and  dynamic  response  criteria  are 
presented  in  the  following  sections. 


HOVER  CONTROL  POWER 

Helicopter  control  power  requirements  are  usually  determined  by  hover  control 
mission  requirements.  As  described  sbove,  MIL-H-8501A  uses  a  weight  parameter  to 
specify  attitude  response  within  one  second  or  less.  In  an  extensive  review  of 
MIL-H-8501A,  Walton  and  Ashkenas  (reference  6)  suggest  that  the  MIL-H-8501A  weight 
dependency  Is  too  simplified  to  give  adequate  guidance  for  various  vehlole  missions.  On 
the  other  hand,  the  two  VSTOL  specifications  specify  a  constant  limit  of  attitude 
response.  A  comparison  of  the  VSTOL  specification  boundaries  and  the  MIL-H-8501A 
requirement  for  roll  attitude  per  inch  of  lateral  oontrol  displacement  as  a  function  of 
the  vehicle  gross  weight  Is  shown  In  figure  8.  The  lower  boundaries  of  all  three 
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specifications  are  substantiated  by  the  level  2  rating  given  to  the  XV-15  with 
augmentation  off.  There  are  two  other  major  points  to  be  raised  from  figure  0.  First 
the  CH-530  AFCS  on  response  has  been  described  as  quite  adequate  for  the  asssult 
mission,  yet  the  vehicle  does  not  satisfy  the  V3T0L  boundary.  This  then  substantiates 
the  need  for  some  type  of  weight  dependency  as  used  by  MIL-H-8501A.  It  is  questionable 
whether  or  not  pilots  will  accept  a  lower  response  for  extremely  large  vehicles  like  the 
HLH  (CW*1 30000  lb).  A  vehicle  in  this  weight  category  would  only  need  to  attain  a  bank 
angle  of  2.1  degrees  within  one  second  for  a  one  inch  lateral  stick  displacement  to 
satisfy  the  MIL-H-8501 A  requirement.  The  second  point  from  figure  8  is  the  large 
difference  in  roll  response  between  the  similar  weight  SH-60B  and  CH-46A  (ten  degrees 
per  inch  versus  four  degrees  per  inch).  The  CH-46A  has  been  described  as  having  very 
adequate  response  characteristics  for  its  assault  and  vertical  replenishment  missions. 
The  SH-60B  has  been  qualitatively  described  as  having  just  adequate  response 
characteristics  for  a  turbulent,  high  sea  state  condition,  characteristic  of  the  LAMPS 
mission.  Yet  the  SH-60B  shows  a  response  well  above  the  visual  flight  rules  (VFR)  or 
instrument  flight  rules  (IFR)  MIL-H-8501A  boundary.  The  difference  between  these  two 
vehicles  then  raises  the  point  of  having  attitude  response  criteria  a  function  of 
mission  and  weight.  In  particular  the  small  landing  platforms  and  dynamic  atmosphere 
conditions  Navy  helicopters  will  be  expected  to  launch  and  recover  from  are  an  example 
of  a  mission  that  may  not  be  adequately  designed  for  by  the  still  wind,  out-of-ground 
effect  control  power  criteria  in  MIL-H-8501A. 


FIGURE  8:  HOVER  ROLL  RESPONSE  COMPARISONS 


To  insure  that  the  helicopter  response  is  not  initially  too  sensitive  MIL-H-8501A 
also  has  minimum  angular  rate  criteria  for  the  longitudinal,  lateral,  and  directional 
axes.  Using  these  damping  boundaries  with  the  above  attitude  response  criteria,  rate 
damping  versus  sensitivity  boundaries  can  be  developed.  Figure  9  shows  the  ABC  and 
tilt-rotor  compared  to  the  HIL-H-6501A  requirements  for  the  yaw  axis.  The  interesting 
point  here  is  that  neither  aircraft  satisfied  the  requirement  yet  the  ABC  has  been 
described  in  a  recent  Navy  flight  test  program  as  having  "crisp,  predictable”  yaw 
control  and  that  the  "high  yaw  rates  (in  excess  of  45  degrees  per  second)  that  resulted 
from  one  inch  pedal  step  inputs  were  well-damped  and  easily  arrested,  allowing  large, 
rapid  heading  changes."  The  XV-15  in  comparison  was  described  as  sluggish  and  not 
adequate.  The  ABC  develops  yaw  control  through  differential  collective  of  the  two  rotor 
systems  while  the  tilt-rotor  develops  yaw  control  via  fore  and  aft  nacelle  tilting.  The 
results  shown  in  figure  9  show  an  apparent  anomaly  between  MIL-H-8501A  and  the  different 
rotor  configuration  of  the  ABC  and  tilt-rotor.  Figure  10  shows  the  pitch  response 
characteristics  of  the  SH-60B,  CH-53D  and  the  XV-15.  Similar  to  the  directional  axis 
MIL-H-8501 A  adequately  predicts  the  single  rotor  vehicle  ratings  (the  SH-60B  and  the 
CH-530)  but  again  the  tilt-rotor  shows  a  discrepancy. 


FIGURE  9:  TAN  RATE  VS.  SENSITIVITY  COMPARISONS 
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FIGURE  10:  PITCH  RATE  VS.  SENSITIVITY  COMPARISONS 

Overall  It  was  found  that  the  MIL-H-8501A  attitude  reaponse  and  angular  rate 
damping  criteria  gave  minimal  design  guidance  In  conparlson  to  the  vehicles  analyzed. 
Further  analysis  and  data  are  needed  to  determine  the  effect  of  vehicle  mission  and 
varied  rotor  configurations. 


DYNAMIC  STABILITY 


Following  a  disturbance  (control  or  atmospheric)  to  a  helicopter  In  hover  the  above 
rate  damping  criteria  should  ensure  an  Initial  satisfactory  response.  After  this 
initial  response  the  aircraft  may  still  have  an  unacceptable  dynamic  response.  In  a 
precision  hover  task  It  Is  mandatory  that  the  pilot  be  able  to  easily  correct  for 
unwanted  oscillatory  responses.  Uncommanded  pitch  or  roll  responses  can  cause  tracking 
or  station  keeping  errors,  plus  any  short  period  dynamic  responses  must  be  well-damped 
so  as  not  to  Impede  precise  control  of  the  helicopter. 


Satisfactory  boundaries  for  dynamic  stability  characteristics  are  defined  by  each 
of  the  specifications  reviewed  through  the  use  of  second-order  response  parameters.  The 
general  trend  is  similar  for  all  the  specifications  such  that  short  period  oscillations 
require  a  damped  response  while  for  longer  periods,  neutral  stability  to  slight 
Instability  is  acceptable.  Figure  11  shows  a  plot  of  nondlmenslonal  damping  ratio 
versus  damped  natural  period  with  a  comparison  of  the  three  specifications  for  pitch  or 
roll  hover  dynamic  responses.  Note  that  only  KIL-H-8501A  has  a  separate  boundary  for 
VFR  conditions.  As  mentioned  above,  It  Is  assumed  within  MIL-F-83300  that  "IFR 
capability  is  Inherent  in  all  military  aircraft  operational  missions."  For  the  limited 
data  available  very  few  conclusions  can  be  drawn  about  the  adequacy  of  the 
specifications  boundaries.  Of  the  three  aircraft  shown  only  the  SH-60B  shows  a 
"conventional"  phugold  mode.  Reference  7  presents  the  point  that  for  modern  helicopters 
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FIGURE  11:  HOVER  LONGITUDINAL  DYNAMIC  STABILITY  REQUIREMENTS 


the  flgur*  11  MXL-F-83SOO  boundary  la  generally  undeaandlng.  Thla  la  questionable 
considering  the  3H-60S3  response  that  Navy  pilots  deaerlbad  aa  adequate  for  tha  LAMPS 
alaslon.  Both  the  CH-53D  and  tha  XM-S9A  have  alao  boon  qualitatively  deaerlbad  as 
having  level  1  characteristics.  In  particular  the  CN-53D  has  essentially  dead-beat 
dynsalc  responses  In  hover.  Froa  the  data  analysed  It  appears  that  MXL-H-8501A  gives 
adequate  guidance  for  hover  dynaaile  responses. 

Just  as  In  hovering  conditions,  It  Is  necessary  that  a  helloopter  have  satisfactory 
dynsalc  response  characteristics  In  forward  flight.  For  exampla,  in  oontour  flying  or 
■lne  sweeping  alaslons,  a  slowly  divergent  phugold  response  with  a  gradual  altitude  loss 
would  be  objectionable.  M1L-H-8501A  specifies  VFR  and  IFR  dynsalc  response  criteria  for 
the  longitudinal  axis  (the  saae  as  the  above  hover  requirements) ,  while  only  stipulating 
IFR  criteria  for  the  lateral-directional  axes. 

Looking  first  at  the  longitudinal  orlterla,  figure  12  shows  a  ooaparlson  between 
the  VSTOL  and  helicopter  specification  boundaries.  The  helicopter  specification  la  by 
far  the  most  lenient  in  specifying  stability  requlreaents,  In  particular  for  long  period 
responses  (£20  seconds)  under  VFR  conditions.  In  contrast,  the  VSTCL  specifications  do 
not  allow  divergent  long  period  dynsalc  responses.  With  augmentation  on,  the  three 
vehicles  shown  on  figure  12  easily  satisfied  all  the  specifications.  Each  aircraft  has 
also  been  given  level  1  ratings,  In  particular  the  SH-608  la  described  as  having 
excellent  phugold  damping  It  should  be  noted  that  both  VSTOL  specifications  have 
additional  requirements  for  short  period  oscillations  such  that  the  damping  ratio  must 
be  st  least  0.3.  AGARD  577  defines  s  short  period  response  such  thet  the  damped  period 
Is  less  than  3  to  6  seconds.  MIL-F-83300  specifies  short  period  requirements  according 
to  figure  13.  Note  that  the  frequency  boundary  Is  a  function  of  the  vehicle  n/«  ratio. 
The  CH-53D  was  the  only  vehicle  analysed  that  showed  a  short  period  type  response,  and 
It  compared  favorably  with  the  figure  13  boundaries  (e.g.  C>0.3).  For  the  vehicles 
compared  against  MIL-H-8501A,  the  specification  gives  lenient  but  adequate  guidance  for 
normal  flight  conditions. 


Heaps!  Mstwral  Period  (gacoada) 

FIGURE  12:  FORWARD  FLIGHT  LONGITUDINAL 

DYNAMIC  STABILITY  REQUIREMENTS 


FIGURE  13:  VSTOL  SPECIFICATION  SHORT  PERIOD  REQUIREMENTS 


The  lateral-directional  dynaalc  stability  requireBenta  aa  specified  by  tha  VSTOL 
and  hallooptar  apaolfloatlona  ara  shown  on  figure  14.  Tha  saae  general  trend  la 
followad  by  each  criterion.  Note  that  MIL-H-8501A  haa  no  requirement  /or  VFR 
lateral-direct lonal  dynaalc  stability.  The  cluster  of  open  symbol a  ahows  a  coaaon 
daaped  dutch  roll  response  for  the  single  rotor  helicopters  (SH-60B,  CH-53D,  SH-3A) 
analyzed.  This  type  of  ysw-roll  coupled  dynaalc  response  has  been  given  unsatisfactory 
ratings  for  single  rotor  helicopters.  Thus  there  should  at  least  be  a  baseline  criteria 
Halting  allowable  divergent  responses  for  VFR  conditions.  For  augaentation  on  the 
reaponses  are  all  well-daaped  over  a  wide  range  of  frequencies.  An  Interesting 
coaparlson  between  varied  rotor  configurations  is  shown  on  figure  14  as  the  ABC  has  a 
dutch  roll  response  that  falls  right  on  the  MIL-F-83300  level  1  boundary.  Pilots 
described  the  ABC  as  having  very  satisfactory  lateral-directional  forward  flight 
characteristics  that  were  very  siallar  to  a  fixed  wing  aircraft.  A  Sikorsky  report 
(reference  22)  on  the  ABC  coapared  this  response  to  MIL-F-8785,  the  fixed  wing  flying 
qualltltes  specification.  The  ABC  again  appears  as  an  anoaaly  In  coaparlson  to  the 
helicopter  specification  boundary.  For  the  vehicles  analyzed  MIL-H-8501A  gives  adequate 
guidance  for  IFR  lateral-directional  dynaalc  responses  but  has  no  guidance  for  VFR 
conditions. 


CONCLUSIONS 

FIXED-WING 

Since  the  acceptance  of  MIL-F-83300.  sufficient  Insight  has  been  gained  to  warrant 
the  revision  of  some  sections  and  the  addition  of  others  to  the  specification.  This 
revision  process  must  be  an  Interactive  one  Including  inputs  from  all  eleaents  of  the 
VSTOL  community  -  both  government  and  lnduatry.  This  paper  has  presented  the  status  of 
recent  developments  In  the  establishment  of  revised  criteria.  Specifically: 

Available  visual  cue  information  level  Bust  be  adequately 
defined  and  Included  within  the  specification  of  alnlaua 
control  augaentation  and  display  levels. 

Equivalent,  low  order  system  definition  appears  to  be  a 
viable  approach  to  the  specification  of  levels  of  hover 
stability  and  response  of  highly  augmented  VSTOL  configurations. 

Unique  specification  of  response  parameters  for  attitude 
rate,  attitude  and  translational  rate  augaentation  Is  required. 

Continuing  work  Is  planned  to  validate  proposed  criteria  revisions  through 
ln-fllght  simulation.  Other  areas  of  the  VSTOL  flight  envelope  (l.e.,  transition  and 
conversion)  are  also  being  examined. 

ROTART-WING 

Although  the  need  to  update  MIL-H-8501A  has  been  known  for  aany  years,  very  little 
systematic  work  has  been  directed  towards  developing  aodern  criteria.  A  step  towards 
this  goal  is  the  future  Aray-Navy  prograa  designed  to  develop  an  updated  rotary-wing 
handling  qualities  specification.  This  paper  has  presented  the  aajor  deflelences  In 
MIL-H-8501A  as  cited  by  aany  previous  papers  as  well  as  the  significant  results  of  a 
preliminary  Navy  assessaent  of  MIL-H-8501A.  In  particular: 


NIL-H-8501 A  does  not  give  adequate  guidance  to  addreas  the 
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differences  In  handling  qualities  characteristics  between 
hovering  and  forward  flight  conditions. 

HIL-H-8501A  has  very  Halted  guidance  for  degraded  flying 
qualities,  especially  towards  defining  ainiaua  characteristics 
for  AFCS  failures. 

The  hover  control  power  criteria  (attitude  response  and 
rate  daaplng  criteria)  Inadequately  address  varied  mlaslon 
characteristics  or  rotor  configuration  differences. 

Dynamic  response  criteria  are  in  general  adequate  but 

very  lenient,  in  particular  for  VFR  mission  requirements  where 

no  guidance  la  given  for  lateral-directional  responses. 

Analyses  in  the  areas  of  height  control  response,  aerodynamic  and  gyroscopic 
cross-coupling  characteristics,  and  autorotation  criteria  are  underway. 
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EQUIVALENT  SYSTEMS  CRITERIA  FOR 
HANDLING  QUALITIES  OF  MILITARY  AIRCRAFT 
J.  Hodgkinson 
MCDONNELL  AIRCRAFT  COMPANY 
MCDONNELL  DOUGLAS  CORPORATION 
P.O.  BOX  516 
ST.  LOUIS,  MO  63166 

Introduction  -  Low  order  equivalent  systems  appear  viable  for  mapping  high  order  augmented 
systems  into  a  lower-dimensional  form  suitable  for  specifying  flying  qualities.  Degrees  of 
allowable  mismatch  between  high  and  low  order  systems  are  defined  in  tentative  new 
criteria.  Alternative  specification  methods,  such  as  the  Neal-Smith  method  and  the  band¬ 
width  method ,  are  fundamentally  similar  to  equivalent  systems .  Because  the  alternative 
methods  involve  mapping,  they  too  exhibit  mismatch. 


Simulation  and  Specification  for  Aircraft  -  In  the  past,  the  short  term  pitch  rate  dynamics 
of  aircraft  were  readily  represented  by  this  linear  second  order  response  to  stick  force. 
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Texts  such  as  Reference  1  define  all  of  the  terms  in  this  function,  using  aerodynamic 
characteristics,  aircraft  speed,  inertia,  etc.  This  expression  ignores  some  other  higher 
order  terms  which  have  to  be  assessed  separately  -  for  example,  structural  modes,  stick 
dynamics,  and  the  interaction  of  other  aerodynamic  modes  of  motion  such  as  the  phugoid. 
The  effects  of  these  terms  were  small,  as  were  the  effects  of  linearisation;  or  if  they 
were  significant,  they  could  be  considered  separately.  Thus  this  transfer  function  defined 
a  well-accepted  mathematical  'simulation  space"  in  Which  the  response  was  defined. 

All  of  the  parameters  in  this  response  appeared  (explicitly  or  implicitly)  in  the  fore¬ 
runners  of  the  flying  qualities  Military  Specification  MIL-F-8785C  (Reference  2).  There¬ 
fore,  this  set  of  parameters  was  entirely  suitable  for  defining  flying  qualities  regions. 
The  tour  parameters  K,  Te2,  wgp,  and  Csp  defined  a  well-accepted  "specification  space". 

For  past  aircraft,  the  dimension  of  the  simulation  space  and  the  specification  space 
was  the  same .  In  emerging  designs  the  flying  qualities  were  determined  by  interpolation 
between  known  research  data  points  in  the  space.  Incidentally,  it  requires  about  four 
pages  in  MIL-P-8785  to  specify  flying  qualities  in  this  four-dimensional  space. 

Simulation  and  Specification  for  Modern  Aircraft  -  Figure  1  illustrates  a  pitch  rate 
transfer  function  which  emerged  during  development  of  the  F-18  flight  control  system.  The 
simplifying  assusqptions  are  similar  to  those  used  in  Equation  (1).  This  is  a  digital 
system  and  sosie  digital  effects,  such  as  aliasing  filters,  are  included,  but  the  effects  of 
sample  and  hold  and  computational  delay  are  not.  Given  that  the  designers  will  make  allow¬ 
ance  for  these  elsewhere.  Figure  1  ms  the  accepted  simulation  model  of  that  particular 
system.  The  simulation  space  for  this  example  had  89  dimensions.  Following  our  experience 
with  past  aircraft,  we  might  estimate  that  to  define  flying  qualities  regions  in  the  89- 
dimensional  specification  space  would  take  89  pages  in  MIL-F-8785.  Clearly  another 
approach  was  needed. 
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FIG.  1  MODERN  HIGH  ORDER  RESPONSE 


Finding  alternative  methods  of  specifying  the  flying  qualities  of  these  high  order 
systems  is  a  challenge.  Analytical  tools  have  emerged  so  that  high  order  systems  can  be 
specified  in  fewer  dimensions.  Examples  for  short-term  pitch  dynamics  are:  the  equivalent 
system  approach,  which  approximates  high  order  responses  with  low  order  responses;  the 
Neal-Smith  method,  which  uses  a  mathematical  model  of  the  pilot;  and  the  bandwidth  method, 
which  takes  simple  frequency  response  measurements.  If  the  gain  parameter  K  is  specified 
separately,  equation  (1)  has  a  three-dimensional  specification  space.  The  other  two 
methods  are  only  two-dimensional.  Human  pilots,  of  course,  process  these  systems  to 
produce  a  one-dimensional  specification  of  flying  qualities,  namely,  the  Cooper-Harper 
rating,  as  shown  in  Figure  2. 
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FIGURE  2 

FLYING  QUALITIES  SPECIFICATION  COMPLIANCE  FOR  PAST  AND  MODERN  AIRCRAFT 


Equivalent  Systemj  -  Aa  mentioned,  one  approach  to  specifying  high  order  responses  such  as 
that  of  Figure  ( 1 )  is  offered  by  the  use  of  equivalent  systems.  MIL-F-8785C  requires  manu¬ 
facturers  to  match  the  high  order  frequency  responses  with  lower  order  classical  forms 
(e.g.,  equation  1).  A  computer  program  is  used  for  matching. 

Most  of  our  experience  has  been  with  longitudinal  equivalent  systems,  though  matched 
equivalent  systems  are  required  for  lateral-directional  dynamics  also.  Matching  disallows 
the  often  misleading  procedure  of  extracting  a  subset  of  the  high  order  roots  for 
evaluation. 

Equivalent  Time  Delay  -  Early  equivalent  systems  studies  by  DiFranco,  Neal  and  Smith,  and 
MCAIR  (References  3,  4,  and  5)  determined  quickly  that  the  specification  space  of  classical 
systems  defined  by  Equation  (1)  was  insufficient  for  high  order  systems.  For  one  thing, 
the  phase  lags  of  high  frequency  modes  were  not  accounted  for.  As  mentioned  in 
Reference  1,  "for  low-pass  inputs  the  major  gross  effect  of  the  highest  frequency  modes, 
assuming  that  they  are  well  beyond  the  crossover  frequency,  is  an  initial  time  delay." 

As  Figure  3  points  out,  an  equivalent  time  delay  approximates  the  high  frequency  terms 
quite  well.  Surprisingly,  in  the  DiFranco  and  Neal  and  Smith  investigations,  these  delays 
consistently  degraded  pilot  ratings  down.  Therefore,  time  delay  must  be  used  in  any  viable 
equivalent  system,  adding  one  extra  dimension  to  the  specification  space  in  MIL-F-8785. 
Equivalent  delays  of  .1,  .2  and  .25  seconds  are  the  upper  Level  1,  2,  and  3  limits.  More 
recently  we  have  defined  phase  delay,  tp  (Figure  4).  This  enables  the  engineer  to  extract 
the  time  delay  effect  from  a  phase  frequency  response  by  hand.  Usually,  Tp  is  numerically 
very  similar  to  equivalent  delay. 

Some  idea  of  the  importance  of  delay  effects  is  gained  from  regression  analysis  of 
Neal  and  Smith's  61  configurations.  The  simple  equation 

Pilot  rating  -  3.7  +  24.8  Tp 

has  a  correlation  coefficient  of  .70.  The  multiplier  of  24.8  on  t.  shows  that  it  would 
take  only  40  milliseconds  of  equivalent  delay  to  degrade  a  configuration  by  one  Cooper- 
Harper  point. 


The  later  data  of  Smith  (Reference  6)  were  analyzed  alao.  The  equation  waa 


Pilot  rating  “  2.5  +25.3  Tp 


The  correlation  coefficient  was  81%. 
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COMPARISON  OF  EQUIVALENT  SYSTEMS  WITH  AND  WITHOUT 
TIME  DELAY 
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FIGURE  4 

DEFINITION  OF  PHASE  DELAY,  r„ 


3-4 


These  correlations  show  that  the  Calspan  experiments  of  References  4  and  6  success¬ 
fully  defined  the  added  specification  dimension  needed  for  augmentation  systems.  These 
experiments  are  the  basis  of  the  equivalent  systems  work  which  eventually  led  to  the  formal 
requirements  of  MIL-F-8785C. 

In  the  V/STOL  experiment  of  References  7  and  8,  we  varied  both  time  delays  and  gain  in 
the  command  path.  Figure  5  illustrates  that  without  time  delay,  a  high  gain  produced  an 
excellent  rating  but  even  small  delays  led  to  pilot- induced  oscillations.  Similar  results 
(to  be  published  by  Calspan  shortly)  have  been  obtained  in  flight  using  the  CTOL  NT-33. 
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FIGURE  5 

INTERACTION  OF  STEADY  STATE  GAIN  AND  TIME  DELAY 

The  pilot  rating  degradation  due  to  delays  (as  discussed  in  Reference  9)  has  not  been 
predicted  consistently  in  ground-based  simulation.  Exaggerating  the  simulated  command  gain 
is  one  possible  way  of  forcing  the  pilot  into  the  task  and  producing  more  reliable  rating 
degradations  in  ground-based  simulators. 

Equivalent  delays  are  used  to  approximate  the  effects  of  many  different  flight  control 
components .  These  include  stick  prefilters,  feel  systems,  actuators,  and  structural 
filters.  Perhaps  surprisingly,  digital  systems  need  not  be  large  contributors.  Sample  and 
hold  times,  computational  delays,  aliasing  prefilters  and  postfilters  add  to  the  ‘overhead* 
of  delay  which  must  be  accounted  for.  But  these  have  often  produced  less  equivalent  delay 
than  analog  components. 

Equivalent  System  Mismatch  Envelopes  -  Because  equivalent  low  order  systems  approximate 
high  order  systems,  there  is  a  need  to  define  what  differences  are  allowable  in  order  to 
evaluate  the  precision  of  match.  Valuable  exploratory  data  were  gathered  in  a  joint 
USAF/USN/MCAIR  simulation  in  1978,  using  the  Calspan  variable  stability  NT-33 
(References  10  and  11).  We  designed  high  order  and  low  order  equivalent  systems  with 
mismatches  of  various  magnitudes  in  various  frequency  ranges.  We  expected  large  mismatches 
to  be  directly  correlated  with  pilot  rating  differences.  Instead,  we  could  see  little 
correlation.  High  order  systems  had  the  same  ratings  as  their  low  order  equivalents,  even 
if  the  mismatch  was  large. 

When  we  performed  a  later  study  for  V/STOL  aircraft,  we  took  these  data  into  account. 
On  that  basis  it  seemed  unlikely  that  our  ratings  would  show  the  desired  differences  if  we 
simply  minimised  the  frequency  response  difference  between  the  high  and  low  order  systesu . 
So,  this  time  we  simulated  local  mismatches  in  various  frequency  ranges  by  adding  higher 
order  terras  to  low  order  systems.  By  doing  this  progressively  -  for  example,  adding  more 
and  more  high  frequency  lag  -  we  were  able  to  note  the  point  where  pilot  ratings  became 
significantly  different  on  the  two  systems. 

We  sunmarised  these  fixed-base  V/STOL  simulation  results  (References  7  and  8)  by 
drawing  an  envelope  around  the  frequency  responses  of  the  added  terras.  The  result 
(Figure  6)  suggested  a  reason  for  the  pilot's  insensitivity  to  mismatch  in  the  earlier 
NT-33  study.  Even  though  the  mismatches  were  far  larger  than  those  usually  generated  by  a 
computer  program,  they  were  still  within  the  envelopes  and  therefore  remained  largely 
unnoticed. 

Calspan,  in  the  CTOL,  in-flight  simulation  studies  of  Neal  and  Smith  (Reference  4)  and 
Smith  (Reference  6)  also  evaluated  high  order  effects  by  adding  them  to  low  order  systems. 
Although  in  their  experimental  design  they  did  not  have  mismatch  in  mind,  we  were  able  to 
use  their  results  to  generate  envelopes  (Reference  12).  The  envelopes  (Figure  7)  appear  in 
the  proposed  flying  qualities  Military  Standard,  Reference  13.  Again,  the  envelopes  are 
quite  large.  When  we  reanalyxed  the  NT-33  data  of  References  10  and  11,  those  mismatches 
which  were  not  noticed  generally  fell  within  the  envelopes. 


The  envelopes  emphasise  tha  importance  of  a  good  match  In  a  oantral  frequency  rag  ion 
(about  2  to  4  radians  par  aacood) .  Ma  therefore  modified  our  oo^utar  program  ao  that  tha 
match  proceaa  can  ba  waightad  mora  haaviiy  in  tha  cantral  ragion.  In  practica,  tha 
weighting  chang ad  tha  aquivalant  ayatam  paraaatara  vary  littla. 
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ENVELOPES  OF  MAXIMUM  AUGMENTATION 
ADDED  WITHOUT  AFFECTING  RATING 


FIGURE  7 

CTOL  ENVELOPES  AND  TRANSFER  FUNCTION  MATCHES 


In  tha  axpariaanta  mentioned  ao  far,  tha  high  ordai  terms  wars  added  to  tha  low  order 
systems  one  at  a  time.  However,  it  is  recognised  that  an  aquivalant  may  have  sore  than  one 
distinct  region  of  mismatch.  Ma  would  hops  that  any  such  system,  even  if  tha  mismatches 
fall  within  tha  envelopes,  would  ba  questioned  by  tha  procuring  activity. 

Tha  Mismatch  Problem 

It  is  frequently  said  that  a  fundamental  drawback  of  aquivalant  systems  is  tha  need  to 
define  an  acceptable  level  of  mismatch. 

Other  criteria  have  emerged,  however,  such  as  the  Meal-Smith  and  bandwidth  method, 
*diich  simply  use  tha  response  of  a  system,  regardless  of  its  order,  and  do  not  involve  a 
matching  process.  Therefore  it  is  frequently  said  that  the  question  of  mismatch  does  not 
arise,  which  is  a  fundamental  advantage. 


Homvw  this  statement  turns  out  to  be  quite  untrue.  This  can  be  seen  by  viewing  any 
specification  method  heuristically  as  a  mapping  process,  as  follows. 

Specification  space  is  the  image  space,  and  the  simulation  space  is  the  inverse  image 
space.  For  every  system  in  the  image  space,  there  is  an  infinitely  large  inverse  image  set 
in  the  inverse  image  space.  "Mismatch*1  is  the  difference  between  any  member  of  the  inverse 
image  set  and  a  "minimum  order  system"  which  maps  one-to-one  onto  the  image  space. 

As  an  example,  a  specific  equivalent  system,  with  given  specification  parameters, 
could  result  from  a  number  of  different  higher  order  systems.  Mismatch  defines  the  differ¬ 
ence  between  any  of  these  higher  order  systems  and  the  equivalent  system.  For  example, 
sum-of-squares  frequency  response  mismatch  (a  scalar  with  a  value  of  about  10  or  less  for  a 
visually  acceptable  match)  has  been  defined  in  Reference  S.  The  minimum  order  system  for 
the  equivalent  system  method  is  the  equivalent  system  itself. 

The  challenge  is  to  find  minimum  order  systems  which,  conceptually,  span  the  specifi¬ 
cation  space  of  other  specification  methods. 

Meal-Smith  Method  -  As  shown  in  Figures  8  and  9  the  Meal-Smith  method  (Reference  4) 
uses  pilot  lead  or  lag  compensation  as  a  measure  of  system,  and  closed-loop  resonance  as  a 
measure  of  vulnerability  to  pilot-induced  oscillation.  A  pilot  model  is  used  which 
maintains  a  fixed  pilot-in-the-loop  bandwidth. 

CLOSED-LOOP  RESPONSE  MODEL  IN  NEAL -SMITH  CRITERION 
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FIGURE  • 

MEAL-SMITH  DEFINITIONS 
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FIGURE  S 

NEAL-SMITM  CRITERION 


Figure  10  coapuu  pilot  lead  with  equivalent  short  period  frequency.  The  two 
parameters  are  closely  related,  as  would  be  hoped. 


FIGURE  10 

PILOT  COMPENSATION  n  EQUIVALENT  SHORT  PERIOD  FREQUENCY 


More  complex,  but  equally  valid,  correlations  were  found  between  Seal-Smith  and  other 
equivalent  eystem  parameters)  in  particular,  equivalent  delay.  Apparently  the  Seal-Smith 
and  equivalent  systems  methods  comp lament  each  other  While  producing  essentially  similar 
information  (Reference  14). 

Pinding  a  minimum  order  system  for  the  Neal-smith  method  is  not  simple.  He  examined 
various  transfer  functions  and  allowed  a  time  delay  as  part  of  the  form.  Preliminary 
results  suggest  thst  different  order  systems  are  required  for  different  regions  of  the 
Neal-smith  specification  space.  However,  a  large  region  of  the  space  is  mapped  by 
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and  this  is  sufficient  to  demonstrate  an  example  of  mismatch  for  the  Neal-smith  method. 

Figure  11  shows  three  high  order  configurations  with  essentially  the  same  parameters 
in  the  Neal-Sad th  specification  space.  Two  are  high  order  systems,  and  one  is  the  minimum 
order  eystem. 

According  to  the  Neal-Sad  th  specification  parameters,  the  adsmatches  shown  in 
Figure  11  (1108  for  configuration  2-2,  and  1116  for  5-4)  should  be  insignificant  to  the 
pilot.  Equivalent  systems  separately  determined  for  the  two  high  order  configurations  in 
Rsference  15  obtained  mismatches  of  24  and  2  respectively.  Because  of  their  higher 
dimensionality,  equivalent  systems  produced  less  mismatch  than  the  Neal-smith  method.  The 
Meal-Smith  method  probably  produced  similar  specification  parameters  for  these  three 
different  systems  because  they  are  dynamically  similar  in  the  2  to  3  radians/second  region. 
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FREQUENCY  -  RADJSEC 
FIGURE  11 

FREQUENCY  RESPONSE  COMPARISON  FOR  TWO  HIGH  ORDER 
SYSTEMS  AND  ONE  MINIMUM  ORDER  SYSTEM,  ALL  WITH 
SIMILAR  NEAL-SMITH  CRITERION  PARAMETERS 


Th«  Bandwidth  Method  -  Figure  12  defines  bandwidth  as  proposed  for  the  flying 
qualities  Military standard  and  Handbook.  It  reverses  the  Neal -Smith  philosophy  by 
defining  the  bandwidth  for  gain-alone  pilot  compensation.  It  is  used  with  phase  delay, 
defined  in  Figure  4,  to  specify  flying  qualities  (Figure  13).  Figure  14  shows  the  high 
correlation  of  bandwidth  frequency  with  equivalent  system  frequency. 

For  the  bandwidth  method,  the  minimum  order  system  iss 
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Figure  15  shows  two  different  high  order  systems  and  their  minimum  order  system.  Again, 
these  all  have  the  same  epecification  parameters  according  to  the  bandwidth  method.  The 
phase  responses  are  very  similar  in  the  45*  phase  margin  region  (about  2  to  3  radians/ 
second).  The  mismatches  ars  519  and  84  for  configurations  2-3  and  4-11  rsspectively. 
According  to  Reference  15  equivalent  system  mismatches  were  far  lower  -36  and  0.3.  Again, 
the  higher-dimensioned  method  produces  the  lowest  mismatch. 
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FIGURE  14 

COMPARISON  OF  EQUIVALENT  SYSTEM  FREQUENCY  AND  BANDWIDTH 


FIGURE  IS 

FREQUENCY  RESPONSE  COMPARISON  FOR  TWO  NIGH  ORDER  SYSTEMS 
AND  ONE  MINIMUM  ORDER  SYSTEM,  ALL  WITH  SIMILAR 
BANDWIDTH  AND  rp  VALUES 
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Conclusions  -  Low  order  equivalent  systems  appear  to  be  suitable  for  specifying  the  flying 
qualities  of  high  order  augmented  systems,  as  proposed  in  Reference  16.  Even  though 
augmentation  systems  increase  the  dimensions  of  the  specification  space,  an  equivalent  time 
delay  term  can  be  used  to  approximate  these  effects. 

However,  other  methods  also  can  be  used  to  produce  similar  information,  though  their 
underlying  assumptions  may  appear  different. 

Any  method  for  specifying  high  order  systems  involves  a  reduction  in  dimension.  This 
means  that  some  high  order  effects  are  ignored.  These  effects  are  quantified  as  “mismatch* 
in  determining  equivalent  systems.  Mismatches  can  also  be  quantified  for  the  other 
methods,  such  as  the  Neal-Smith  and  bandwidth  method,  using  concepts  of  mapping  and  a 
'minimum  order  system1.  Therefore,  mismatch  should  not  be  viewed  as  peculiar  to  the  equiva¬ 
lent  system  method. 

Predictably,  the  more  a  specification  method  reduces  the  dimension,  (i.e.,  the  lower 
the  order  of  its  minimum  order  system)  the  larger  the  mismatch  can  be.  Thus  the  two-dimen¬ 
sional  Neal-Smith  and  bandwidth  methods  typically  produce  more  mismatch  (i.e.,  ignore  more 
high  order  effects)  than  the  four-dimensional  equivalent  system  method. 

All  methods  for  high  order  systems  are  in  a  real  sense  equivalent  system  methods. 
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SUHUR! 

In  the  period  broadly  under  review,  the  1970's,  several  aircraft  have  been  brought  into  service 
which  utilise  full  authority  fly-by-wire  (FBW)  control  systeas ,  firstly  with  analogue  techniques  and  aore 
recently  with  digital  computing.  While  aany  benefits  have  been  obtained,  it  is  true  to  say  that  such 
systeas  have  not  always  reached  their  full  potential  to  provide  handling  qualities  superior  to  auch 
slapler  aircraft  of  the  past.  In  particular,  sluggish  response  and  pilot  induced  oscillations  (PIO)  in 
both  pitch  and  roll  axes  typify  the  experience  with  a  high  proportion  of  FBW  aircraft. 

To  avoid  such  problems  it  is  necessary  to  aalntain  a  clear  understanding  of  the  basic  response 
characteristics  of  "low  order"  slrcraft,  that  is  aircraft  with  insignificant  control  ayatea  dynaaics.  The 
relationshipa  between  these  are  discussed  and  satisfactory  ranges  derived  froa  in-flight  experiments  are 
presented.  It  is  shown  how  "high  order"  aircraft  responses  can  be  directly  and  slaply  related  to  "low  order" 
requirements  as  expressed  in  MIL-F-8785.  Several  criteria  are  presented  which  permit  adjustment  of  handing 
qualities  for  soae  specific  tasks,  including  one  assuring  satisfactory  control  at  touchdown. 

While  this  paper  is  alaoat  exclusively  confined  to  the  pitch  axis,  siailar  methods  can  be  applied  to 
the  roll  axis.  These  methods  are  in  routine  use  at  British  Aerospace  and  are  proving  highly  effective  in 
providing  excellent  handling  qualities. 


1.  INTRODUCTION 

The  aoat  significant  change  affecting  handling  qualities  in  the  Seventies  has  been  the  widespread 
adoption  of  PBW  control  systeas  with  full  control  authority,  replacing  the  saall  authority  stability 
augmentation  systeas  which  were  aalnly  effective  in  saall  perturbation  manoeuvres.  FBW  has  given  the  flight 
control  systea  (FCS)  designer  the  power  to  modify  handling  to  an  extent  never  before  possible,  aore 
especially  with  newer  digital  FCS  where  coaplex  gain  scheduling  and  filtering,  cross-feed  paths,  multiple 
feedbacks  etc.  become  feasible.  It  should  have  been  possible  to  ensure  outstandingly  good  handling  on  all 
these  aircraft,  but  soaetiaes  experience  has  failed  to  match  expectation. 

In  contrast,  there  have  always  been  examples  of  low  order  aircrart  through  aeronautical  history 
rated  as  "pilots'  aircraft"  because  of  their  excellent  handling  qualities.  As  performance  increased  so 
that  powered  controls  became  necessary,  probleas  including  PIO's  arose  caused  by  valve  forces,  actuator 
lags,  aprlng-and-bobwelght  pitch  feel,  and  so  on.  Solutions  to  all  these  problems  were  found  during  the 
1950's.  Especially  noteworthy  were  the  efforts  by  STI  and  others  to  determine  pilot-aircraft  closed  loop 
behaviour  and  PIO  causes  by  pilot  modelling.  By  the  early  60 's  this  work  was  essentially  coaplete  in  that 
the  knowledge  available  then  is  still  largely  sufficient  to  avoid  most  of  today's  handling  probleas. 

It  reaalned  true  that  "pilots'  slrcraft"  were  those  departing  leaat  froa  traditional  low  order 
characteristics.  A  classic  example  is  the  Lighting,  still  in  service  with  high  performance  even  by  today's 
standards,  whose  prototype  flew  in  195A,  which  explored  its  complete  flight  envelope  initially  and  safely 
without  stability  augmentation,  including  very  high  speeds  "on  the  deck"  despite  being  designed  as  a  high 
altitude  supersonic  Interceptor.  Close  attention  to  the  quality  of  its  control  circuits,  actuator 
performance,  use  of  hydraulic  pitch  Q-feel  and  a  simple  3-axls  damper  system  were  combined  with  its 
aerodynamic  qualities  into  an  aircraft  always  greatly  liked  by  its  pilots  for  its  handling  qualities. 

With  today's  FCS  technology  it  has  proved  easy  to  eliminate  the  uncommanded  nuisance  responses  of 
past  aircraft,  for  example  the  pitch  trim  changes  with  flaps,  reheat,  airbrakes  and  transonic  effects, 
dutch  roll  and  sideslip  excitation  in  coarse  manoeuvres,  and  so  on.  It  is  impressive  to  a  pilot  to  be  able 
to  open  the  throttle  at  low  speed  and  simply  await  the  arrlVal  of  maximum  speed  without  touching  the  stick  - 
but  it  is  not  essential  to  his  mission  task.  It  ls_  essential  that  when  he  does  touch  the  stick  the  response 
is  predictable  in  attitude  and  flight  path,  and  it  is  here  that  it  has  proved  equally  easy  to  Introduce 
undesirable  characteristics.  Invariably  these  turn  out  to  be  unlike  traditional  ones,  and  the  question  to 
be  answered  is  "What  are  the  desirable  traditional  characteristics?". 

KIL-F-8785B  specified  such  characteristics  and  provided  a  large  body  of  back-up  information  and 
guidance.  It  was  the  Intention  of  6785C  and  will  be  the  Intention  of  the  new  revision  to  require  aircraft 
with  any  FCS  to  have  essentially  the  same  handling  qualities.  While  the  spirit  of  such  a  coaplex 
specification  can  soaetlmes  be  beaten  by  an  absolutely  strict  adherence  to  the  letter,  such  an  intention  is 
unquestionably  the  right  one  in  general  teras.  Because  it  is  mostly  defined  by  low  order  paraaetera,  for 
exaaple  the  pitch  short  period  frequency  and  damping,  difficulties  have  often  arisen  in  its  application  to 
a  high  order  FCS  where  such  parameters  are  either  not  identifiable  or  are  merely  part  of  several  which 
doalnate  the  response. 

To  resolve  this  difficulty,  two  approaches  have  been  developed  at  Harton .  The  first  is  a  time  domain 
one,  in  which  pilot  ratirgs  and  especially  comment  data  froa  in-flight  simulation  have  been  oorrelated  to  the 
five  basic  step  response  time  history  features  seen  by  the  pilot,  which  are  noraal  acceleration,  flight  path 
angle,  pitch  attitude,  pitch  rate  and  pitch  acceleration,  lhe  broad  outline  of  8765  can  be  divided  into 
subsets  of  desirable  ranges  for  coabet  aanoeuvrlng,  precision  tracking,  flight  refuelling  and  landing  approach. 
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The  second  approach  is  a  frequency  doaain  one  in  which  optima  frequency  response  boundaries  are  derived 
for  precision  attitude  tasks  accounting  for  optlaua  pilot  model  characteristics.  This  was  done  using  the 
above  in-flight  cooaent  data  and  the  pilot-vehicle  systems  analysis  methods  of  20  years  ago. 

The  result  is  a  range  of  tiae  response  boundaries,  frequency  response  boundaries,  and  paraaeter 
limits  which  are  applicable  to  aircraft  with  any  order  of  PCS  and  which  are  direct  and  easy  to  apply. 

2.  FUNDAMENTAL  TIME  DOMAIN  RESPONSES 


A  large  part  of  any  flight  is  conducted  in  an  open  loop  precognltive  Banner.  The  pilot  is  able  to 
apply  discrete,  step-like  inputs  which  more  or  less  exactly  produce  the  deelred  aircraft  response.  Some 
closed  loop  tracking  many  also  be  required  if  continuous  disturbances  prevent  the  desired  steaay  flight 
path  froa  being  achieved,  either  "pursuit"  where  it  is  possible  to  distinguish  the  effects  of  his  control 
Inputs  froa  the  external  effects  or  "coapensatory "  when  this  is  not  possible.  Tight  closed  loop  operation 
is  of  course  necessary  in  target  trackiig,  and  soaetiaea  in  instrument  flight  if  the  aircraft  ia  very 
susceptible  to  turbulence  upsets.  Mills  closed  loop  operation  depends  upon  the  frequency  doaain  response 
characteristics ,  successful  precognltive  control  requires  the  tiae  doaain  reaponse  to  lie  within  acceptable 
Halts.  Failure  to  satisfy  this  may  well  result  in  additional  closed  loop  control  being  forced  upon  the 
pilot  as  he  endeavours  to  compensate  by  overdriving  or  saoothlng  unsatisfactory  tiae  responses. 

Fig.  1  shows  the  five  basic  pitch  step  time  responses  which  collectively  determine  the  predictability 
and  nature  of  the  pilot's  task.  In  particular,  the  attitude  reaponse  has  an  iaportant  characteristic 
labelled  either  drop  back  or  overshoot.  These  terms  describe  the  behaviour  as  the  control  input  is  removed 
when  the  attitude  approaches  the  values  required.  If  the  attitude  stops  and  returns  to  aoae  previous  value, 
it  is  called  drop  back,  while  if  it  continues  on  to  some  Increased  value  it  is  called  overshoot.  These 
characteristics  can  of  course  be  measured  equally  well  at  the  time  of  the  initial  control  input  but  they 
are  not  of  the  same  direct  significance  to  the  pilot  because  the  response  is  moving  in  the  desired 
direction.  Their  magnitude  is  determined  by  the  ratio  of  the  areas  in  the  pitch  rate  response  labelled  A 
and  B. 


Fig.  2  shows  the  relationships  of  normal  acceleration,  flight  path  angle  and  attitude  in  aore  detail. 
The  short  period  frequency  and  damping  determine  the  time  response  of  normal  acceleration.  Integration  of 
this  gives  the  flight  path  angle  time  response.  The  attitude  response  leads  flight  path  by  the  time 
constant  Te2  in  the  attitude  transfer  function  (Table  1 )  and  is  greater  by  the  increment  in  angle  of  attack 
required  to  produce  the  normal  acceleration.  These  elementary  relationships  are  fixed  by  the  aerodynamics 
of  the  aircraft  and  are  Independent  of  the  F CS.  They  therefore  provide  a  means  of  assessing  the  handling 
qualities  of  any  aircraft  provided  that  satisfactory  characteristic  limits  can  be  defined. 

Extrapolation  of  flight  path  angle  response  back  to  the  time  axis  defines  what  is  in  effect  an 
equivalent  flight  path  time  delay,  positive  to  the  right  of  the  initial  tiae.  This  delay  is  Independent 
of  input  and  response  amplitude  for  a  linear  system.  Similarly  the  attitude  response  yields  a  constant 
time  parameter  equal  to  the  attitude  drop  back  divided  by  pitch  rate,  positive  to  the  left.  Attitude 
overshoot  results  in  a  negative  tiae  parameter  to  the  right  of  the  initial  time.  In  either  case  the  sua  of 
the  attitude  and  flight  path  tiae  parameters  equals  Te2.  Examination  of  the  two  series  of  in-flight 
simulation  by  Calspan,  Refs.  1  and  2,  has  resulted  in  indications  of  satisfactory  task-related  values  for 
these  tiae  parameters. 

Before  these  are  discussed  it  is  necessary  to  consider  how  low  order  short  period  frequency  and 
daaping  requirements  can  be  related  to  aircraft  responses  where  they  cannot  be  identified  meaningfully,  as 
is  often  the  case  with  a  high  order  FCS.  Fig.  3  shows  in  simplified  boundary  fora  the  unit  tiae  response 
of  normal  acceleration  at  the  8785  low  and  high  damping  limits.  The  low  damping  boundary  includes  only  the 
first  overshoot,  the  subsequent  decaying  oscillation  having  little  effect  on  the  mean  flight  path  angle. 
Mien  these  boundaries  are  Integrated  into  the  unit  fllghtpath  angle  responses  it  can  be  seen  that  for  any 
given  frequency,  the  flight  path  time  delay  can  vary  by  a  factor  of  nearly  six  depending  on  the  daaping 
ratio. 


The  8785  Level  1  boundaries  for  frequency  have  been  redrawn  to  give  Instead  the  length  of  the  tiae 
reaponse  associated  with  the  permitted  frequency,  Fig.  4.  Here  the  slowest  response  is  given  by  the  low 
frequency  high  daaping  Halts  and  the  fastest  by  the  high  frequency  low  damping  Halts.  Any  aircraft 
response  which  lies  within  these  boundaries  satisfies  the  intent  of  the  low  order  8785  requireaents  and  does 
not  need  the  equivalent  of  frequency  and  daaping  to  be  identified. 

Some  additional  provisos  should  be  noted.  Any  oscillations  after  the  first  overshoot  aust  have  an 
aaplltude  ratio  per  half  cycle  of  leas  than  0.3  to  satisfy  the  minlaua  daaping.  The  first  overshoot  should 
not  breach  the  upper  right  hand  boundary  which  represents  the  low  frequency  low  damplrg  Halt.  The  Control 
Anticipation  Paraaeter  (CAP)  iapllclt  in  8785  frequency  limits  need  to  be  explicitly  stated,  that  is  that 
the  initial  pitch  acceleration  divided  by  steady  g  should  He  between  0.28  and  3.8  rad  /sec2  /g.  Finally,  a 
response  with  pronounced  "hang  on",  that  is  for  example  one  which  follows  closely  the  left  hand  and  upper 
boundary  Halts  (very  unlike  a  second  order  response,  but  not  impossible  with  a  high  order  FCS)  would 
Introduce  a  significant  flight  path  drop  back  with  a  negative  value  of  flight  path  delay.  The  effect  of 
this  is  Indicated  in  Fig.  5.  It  is  probably  desirable  to  specify  positive  delay  values  to  prevent  this. 

3.  DESIRABLE  TIME  DOMAIN  RESPONSE 


8785  does  not  explicitly  place  bounds  on  either  the  tiae  or  frequency  response  of  pitch  attitude. 
Qlven  that  aost  aircraft  have  had  sufficiently  slallar  response  dynaales,  then  eapirlcal  frequency  and 
daaping  Halts  have  tended  to  result  in  acceptable  attitude  behaviour.  The  latter's  importance  in 
deteralnirg  response  predictability,  closed  loop  tracking  performance,  PIO  tendencies  and  so  on  has  been 
recognised  and  Investigated  for  over  two  decades.  The  advent  of  full  authority  FCS  has  made  the  absence  of 
attitude  criteria  unacceptable  for  several  reasons 

-  Additional  high  order  reaponse  aodes  can  result  in  poor  or  dangerous  attitude  behaviour. 


-  Attitude  behaviour  can  be  easily  aodifled  and  so  It  is  necessary  to  understand  Its  acceptable  Halts. 


-  The  historic  link  between  between  flight  path  and  attitude,  that  is  Te2,  can  be  broken  by  the  use  of 
additional  direct  lift  control. 

Calapan  ln-flight  simulations  of  high  order  FCS  pitch  handling  using  their  NT33  aircraft  have  provided 
an  invaluable  source  of  information  about  acceptable  attitude  and  flight  path  characteristics.  In  Ref.  1 
the  tasks  of  air  coabat  manoeuvring,  air  to  air  tracking  and  flight  refuelling  and  In  Ref.  2  the  approach 
and  landing  tasks  were  assessed  for  wide  ranges  of  basic  frequency  and  damping  modified  by  stick 
preflltera  to  simulate  high  order  effects. 

Step  responses  were  calculated  for  all  these  configurations  and  their  features  compared  with  pilot 
rating  and  comment  data.  Some  quite  clear  results  were  obtained  which  can  be  summarised  as  follows :- 

-  Negative  ettltude  drop  back  (l.e.  overshoot)  was  associated  with  sluggish,  unpredictable  response 
both  in  flight  path  control  and  in  tracking. 

-  Attitude  drop  back  from  0  to  about  0.25  seconds  was  excellent  for  fine  tracking  and  was  associated 
with  comments  typified  by  "the  nose  follows  the  stick". 

-  Increasing  attitude  drop  back  led  to  abrupt  response  and  hobbling,  from  "slight  tendency"  to 
"continuous  oscillations",  in  tracking  tasks.  Sometimes  this  was  called  PIO  but  it  did  not  cause 
concern  for  safety. 

-  Attitude  drop  back  had  little  effect  within  the  range  tested  upon  gross  manoeuvring  without  target, 
landing  approach  or  flight  refuelling,  provided  it  was  not  negative. 
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-  CAP  up  to  3-6  rad /sec  /g  was  satisfactory  for  gross  manoeuvring  without  a  target,  but  was 
unsatisfactory  above  2  rad  /sec2 /g  for  the  landing  approach,  above  1  rad /sec2 /g  for  fine  tracking, 
and  below  0.28  rad  /see2 /g  for  any  task. 

-  The  pitch  rate  overshoot  ratio  seems  to  qualify  the  drop  back  behaviour,  with  a  value  greater  than 
3.0  resulting  in  unacceptable  drop  back  as  small  as  0.25  seconds.  The  trends  are  Indicated  in 
Fig.  6. 

-  Shall  values  of  flight  path  time  delay  were  associated  with  excellent  flight  refuelling  control,  but 
were  not  essential  for  good  gross  manoeuvring  and  did  not  on  their  own  ensure  predictable  behaviour. 

-  Overshoots  in  normal  acceleration  did  not  cause  unpredictable  behaviour  unless  associated  with  low 
frequency ,  breaching  the  upper  right  hand  time  response  boundary  of  Fig .  4 . 

The  above  factors  point  to  a  number  of  design  criteria  and  trend  indicators  which  have  been  put  to  use 
in  control  law  developments  with  excellent  results.  No  attempt  has  been  made  to  define  the  equivalent  of 
level  1,  2  or  3  limits  and  it  may  be  that  the  most  appropriate  location  would  be  in  the  8785  Handbook,  for 

example  as  background  guidance.  However,  one  result  stands  out  clearly  as  a  candidate  for  a  new 

requirement.  This  is  to  specify  that  attitude  drop  back  be  zero  or  positive,  as  negative  values  were  always 
rated  sluggish  and  unsatisfactory  in  these  experiments.  This  leads  also  to  the  result  that  some  pitch  rate 
overshoot  is  always  necessary  for  optimum  handling,  with  the  function  of  minimising  drop  back  for  tracking 
inputs  or  of  rapid  generation  of  the  angle  of  attack  increment  required  for  crisp  flight  path  response  in 

gross  manoeuvres,  landing  flare,  etc.  It  has  no  significance  otherwise  for  the  pilot  unless  it  becomes  too 

large . 


It  is  possible  to  construct  a  low  order  boundary  set  connecting  all  three  pitch  response  parameters, 
as  shown  in  Fig.  7.  This  is  a  modified  version  of  a  proposal  in  the  revised  8785  Handbook  now  being 
reviewed  (Ref.  3),  and  fits  the  supporting  data  presented  there  equally  well.  From  Fig.  2  it  can  be  seen 
that  for  zero  attitude  drop  back  the  equivalent  flight  path  time  delay  must  be  Te2  seconds.  For  any  short 
period  frequency  this  delay  is  fixed  by  the  damping  ratio,  as  seen  in  Fig.  3.  The  bottom  rlghthand  boundary 
of  Fig.  7  is  the  resulting  zero  drop  back  limit.  The  bottom  lefthand  boundary  is  a  PIO  criterion  based  on 
pilot-airframe  closed  loop  attitude  tracking  taken  from  Ref.  A  and  which  is  discussed  later  in  the  section 
on  frequency  response  characteristics .  If  valid  it  must  represent  a  level  3  limit  and  therefore  some  margin 
is  required  from  it  for  level  1,  though  no  PIO  data  are  available  to  fix  the  amount,  and  the  boundary  drawn 
here  is  baaed  on  the  CAT. A  data  points  from  Ref.  3. 

The  short  period  frequency  required  to  achieve  zero  attitude  drop  back  is  expressed  in  Fig.  8  as  a 
proportion  of  the  minimum  Level  1  Cat. A  frequency  permitted  by  8785,  for  three  damping  ratios  and  several 
altitudes  over  a  typical  range  of  wing  lift  slope  and  wing  loading  combinations.  It  can  be  seen  that  heavy 
damping  permits  the  widest  achievement  of  this  characteristic  and  that  this  is  increasingly  difficult  as 
altitude  and  wing  loading  are  Increased  and  lift  slope  decreased. 

The  conclusion  to  be  drawn  is  that  for  low  order  aircraft  with  elementary  pitch  damper  augmentation, 
a  low  manoeuvre  margin  should  be  aimed  for,  with  its  inherently  high  natural  damping,  if  precision  pitch 
handling  is  required.  This  is  completely  consistent  with  the  excellent  Lightning  low  altitude  high  speed 
(LAHS)  pitch  handling  characteristics  where  in  fact  a  frequency  lower  than  the  8785  minimum  is  satisfactory, 
together  with  only  2.0  lb/g  stick  forces.  The  much  larger  TSR2  prototype  also  had  a  low  manoevure  margin 
with  good  damping  in  the  LAHS  region  and  was  taken  on  only  its  20th  flight  to  550  knots  at  250  feet  over 

hilly  terrain  without  any  stability  augmentation.  It  was  rated  as  having  control  and  response  well  matched 

to  this  task. 

Apart  from  its  use  as  an  indicator  of  desirable  manoeuvre  margin  trends  for  one  specific  task 

requirement  the  Fig.  8  criterion  need  not  be  followed  very  strictly.  If  the  8785  minimum  frequency  is 

adhered  to  and  this  is  twice  the  "optimum"  value,  for  example,  then  the  flight  path  time  delay  would  be 
half  the  value  of  T82 .  As  the  latter  would  be  quite  typically  about  0.5  seconds  in  LAHS  conditions  the 


requiting  attitude  drop  back  would  only  be  about  0.25  seconds,  which  as  shown  above  can  be  satisfactory 
for  precision  handling.  For  a  high  order  FCS  the  application  of  Fig.  8  is  soaewhat  Indirect,  indicating 
rather  the  "optimum "  normal  acceleration  tine  response  via  Fig.  3  or  4.  For  such  an  aircraft  the  more 
direct  approach  of  specific  shaping  of  the  attitude  response  would  of  course  be  adopted  Instead. 

From  the  combination  of  the  facts  that  the  8785  frequency  is  proportional  to  speed  (Table  1 )  and  the 
flight  path  time  delay  is  inversely  proportional  to  frequency  (given  coha tent  manoeuvre  margin  and  damping), 
and  hence  that  this  time  delay  is  inversely  proportional  to  speed,  it  will  be  observed  that  the  path 
distance  represented  by  the  delay  is  constant .  In  effect  this  reveals  that  the  flight  path  response 
bandwidth  could  be  considered  to  be  constant  and  independent  of  speed,  which  nay  be  of  relevance  to  close-in 
air-to-air  combat .  If  this  is  the  case  then  this  result  is  compatible  with  the  concept  of  a  fixed  attitude 
frequency  response  bandwidth  independent  of  speed  also,  a  subject  discussed  here  and  also  in  Ref.  3- 

4.  ATTITUDE  FREQUENCY  DOMAIN  RESPONSE  (UP-AND-AWAY  FLIGHT) 

In  the  late  1950's  and  early  I960 's  the  systems  analysis  approach  to  the  pilot-vehicle  closed  loop 
control  in  tracking  tasks  was  widely  investigated  and  reported.  Ref.  4  was  based  on  such  methods  and 
contains  many  references  to  the  literature.  The  more  recent  "Neal  and  Smith  criterion”  is  based  upon  this 
method  also.  The  pilot  is  assumed  to  act  as  a  linear  servo  element  with  gain,  time  delay,  and  phase  lead 
and  phase  lag  equalisation  to  prod  .ce  satisfactory  tracking  performance.  "Tracking"  of  course  covers  a  wide 
range  of  tasks,  from  controlling  .ircraft  attitude  in  turbulence  to  actual  tracking  of  a  target.  In  most 
cases  the  pilot  is  assumed  to  respond  to  the  stimulus  of  the  error  between  the  desired  attitude  and  the 
actual  one,  an  error  assumed  to  be  random  in  appearance  in  which  the  pilot  is  unable  to  distinguish  the 
effects  of  his  control  Inputs  from  external  effects.  This  is  the  pure  compensatory  tracking  situation  and 
represents  the  other  extreme  of  the  pilot  task  from  the  precognitive  time  response  situation. 

Mich  work  was  done  in  attempting  to  predict  pilot  opinion  from  such  analyses,  though  this  does  not 

seem  to  have  been  followed  in  more  recent  years  with  the  exception  of  the  Neal  and  Smith  criterion.  With 
the  advent  of  the  computing  power  potential  of  digital  FBW  it  is  now  much  more  useful  to  the  FCS  designer 
to  attempt  to  shape  the  aircraft  frequency  response  into  a  form  known  to  be  attractive  to  the  pilot,  with 

which  he  can  perform  both  well  and  easily  and  hence  will  result  in  a  good  opinion  rating.  The  pilot  model 

which  achieves  this  aim  is  well  known  to  be  the  simple  gain  and  time  delay,  the  latter  always  being  present 

in  random  error  tracking.  It  is  possible  to  define  an  envelope  of  aircraft  attitude  response  which  is  very 

"robust”,  in  the  sense  that  the  pilot  can  achieve  good  closed  loop  control  wltha  wide  range  of  gain  and  delay 
only.  In  this  approach  it  la  unnecessary  to  define  a  pilot-vehicle  bandwidth  since  he  has  a  wide  choice 
according  to  the  needs  of  the  task. 

The  classical  aircraft  dynamics  w'.  ich  have  always  been  shown  to  achieve  the  best  ratings  in  simple 
tracking  experiments  are  a  pure  gain  pitch  rate  response  and  the  resulting  attitude  response  of  K/S.  Real 
aircraft  have  Inertia,  control  power  limits,  and  pilots  who  dislike  excessive  pitch  acceleration,  and  can 
only  be  represented  by  this  model  at  low  frequencies.  These  attitude  responses  are  indicated  in  Fig.  9 
using  the  Nichols'  chart  form  on  which  open  loop  and  closed  loop  responses  are  related.  Because  of  this 
facility  these  charts  are  often  more  useful  to  the  FCS  control  law  designer  than  the  more  usual  Bode  plots, 

even  where  no  pilot  model  is  being  added  to  the  aircraft  response.  In  Fig.  9  a  pilot  gain  and  aelay  model 

is  added  to  a  pure  low  order  attitude  response  to  show  good  closed  loop  performance  with  negligible  droop 
or  resonance.  The  gain  is  chosen  to  give  the  pilot-vehicle  open  loop  crossover  frequency  of  0.3  Hz  and  a 
small  delay  typical  of  simulation  results  is  selected.  A  K/S  response  is  included  for  comparison  with  the 
aircraft  response  with  the  same  crossover  frequency. 

This  basic  pilot  model  assumption  underlies  the  aircraft  response  boundary  limits  used  as  a  design 
criterion.  The  crossover  frequency  typifies  the  upper  end  of  the  1  to  2  rad /sec.  range  and  the  0.2  second 
time  delay  typifies  the  pilot  delay  noted  generally  in  the  literature  in  simulation  experiments.  Ref.  5 
measured  the  difference  between  flight  and  simulation  and  showed  that,  while  the  lead  or  lag  equalisation 
did  not  change,  the  pilot  gain  was  lower  and  the  time  delay  was  larger  in  flight. 

Choice  of  these  values  therefore  represents  an  upper  limit  on  pilot  performance  in  the  definition  of 
aircraft  response  boundaries.  The  choice  of  frequency  in  Hz  rather  than  radian /second  is  deliberate  since 
the  pilot  sees  frequency  behaviour  in  terms  of  its  period  or  cycles  per  second,  and  this  serves  to  present 
a  more  obvious  view  of  the  effect  of  such  boundaries. 

Fig.  10  shows  optimum  aircraft  pitch  attitude  response  boundaries  for  precision  control  tasks,  in 
which  the  crossover  frequency  of  0.3  Hz  is  inherently  assumed.  To  apply  this  criterion  the  aircraft 
attitude  response  to  the  stick  input  is  plotted  so  that  its  open  loop  amplitude  at  0.3  Hz  is  OdB.  The  phase 
difference  between  this  and  the  OdB  closed  loop  line  represents  the  allowable  pilot  phase  lag  for  optimum 
tracking.  If  this  criterion  is  satisfied,  all  the  pilot  phase  lag  can  be  attributed  to  his  time  delay  and 
no  further  equalisation  is  required  from  him.  If  the  pilot  chooses  a  lower  crossover  frequency  the 
allowable  lag  increases,  and  he  can  adept  a  larger  time  delay  without  departing  from  a  good  closed  loop 
performance . 

These  boundaries  do  not  represent  overall  Level  1  limits.  Depending  on  the  task,  responses  outside 
them  can  be  very  satisfactory.  General  characteristics  associated  with  areas  outside  the  boundaries  are 
indicated,  and  were  derived  from  correlation  with  comment  data  from  Ref.  1  and  up-and-away  flight 
configurations.  While  the  boundaries  represent  the  small  number  of  Ref.  1  cases  which  were  optimum  for  all 
tasks,  some  cases  attained  Level  1  ratings  for  flight  refuelling  despite  bobble  severe  enough  to  degrade  pitch 
tracking  to  Level  2,  and  the  best  flight  refuelling  case  ("really  excellent")  lay  within  the  boundary  confines 
but  was  still  a  poor  Level  2  for  tracking  because  of  a  subtle  blend  of  large  attenuation  at  higher  frequencies 
and  unbalanced  inltial-to-final  time  response.  This  case  had  excellent  flight  path  control  with  small  delay, 
provided  that  aggressive  attitude  control  was  not  attempted.  More  generally,  excessive  attenuation  at  all 
frequencies  is  associated  with  sluggish  unpredictable  flight  path  control  also. 


5. 


PILOT  INDUCED  OSCILLATIONS 


PIO  tendencies  were  noted  In  Ref .  1  for  several  cases  which  were  related  to  low  damping  or  resonance 
of  the  pilot-aircraft  closed  loop  combination.  Apparently  these  could  readily  be  stopped  by  abandoning 
the  task  or  reducing  the  pilot  gain,  and  flight  safety  did  not  seem  to  be  threatened  by  sustained  "locked-in" 
oscillations.  This  result  is  probably  general  provided  that  the  response  remains  linear  and  predictable 
although  unsatisfactory  or  even  unacceptable  for  performance  achievement.  Ref.  4  discusses  the  probable 
causes  of  a  number  of  PIO  events  and  concludes  that  for  aircraft  with  pure  low  order  characteristics,  PIO 
is  impossible.  Where  the  gain  margin  suddenly  reduces  by  a  significant  amount,  however,  a  sustained  PIO  may 
result  due  to  the  pilot's  inability  to  reduce  gain  quickly  enough.  This  has  been  caused  in  the  past  by 
spring-bobweight  pitch  feel  systems,  for  example,  but  a  more  likely  cause  with  FBW  would  by  actuator 
saturation  effects,  more  easily  provoked  than  before  because  of  high  forward  path  gains.  Dramatic  changes 
in  gain  and  frequency  can  result  from  increasing  amplitude  inputs  which  outstrip  the  pilot's  ability  to 
adapt.  It  has  to  be  accepted  by  weight-conscious  systems  managers  than  an  aircraft  designed  for  "Active 
Control  Technology"  really  does  require  active  controls  I 

Ref.  4  proposed  a  PIO  criterion,  given  in  Fig.  7,  which  was  applicable  to  low  order  aircraft.  It 
results  from  the  condition  for  the  open  loop  frequency  and  damping  at  which  pilot-aircraft  closed  loop 
damping  tends  to  zero,  when  the  pilot  is  responding  without  phase  lag  to  a  sustained  attitude  oscillation 
at  the  frequency  where  the  aircraft  phase  lag  is  100  degrees.  While  such  a  condition  requires  very 
unconventional  aerodynamics  in  principle,  it  is  certainly  possible  to  achieve  it  with  variable  stability 
aircraft  and  simulators.  In  such  cases  it  is  invariably  seen  to  result  in  poor  opinion  ratings  and 

examples  of  this  are  given  in  Ref.  3,  Ref.  4,  Ref.  6  and  Ref.  7,  though  they  are  not  always  identified  as 

such . 

The  concept  of  the  "synchronous  pilot"  who  can  eliminate  phase  lag  from  his  inputs  in  a  sustained  PIO 
because  of  the  predictable  response  is  a  very  powerful  tool  in  designing  to  avoid  PIO.  Such  behaviour  can 
be  seen  in  almost  any  overcontrol  situation  involving  attitude  control,  which  comprise  the  great  majority 
of  PIO 's.  It  may  not  always  be  absolutely  exact  but  it  is  close  enough  to  permit  consideration  of  only  the 

attitude  response  at  1 80  degrees  phase  lag  without  attempting  to  predict  how  the  pilot  will  actually  get 

into  a  PIO.  If  the  oscillation  is  sustained  for  any  length  of  time  the  pilot  can  sometimes  be  seen  to 
advance  his  phase  by  as  much  as  90  degrees,  but  at  the  beginning  he  will  drop  immediately  into  the 
synchronous  mode . 

Ho  hard  and  fast  PIO  avoidance  criteria  can  be  given  with  assurance  for  up-and-away  flight  but  if  the 
attitude  response  remains  reasonably  linear  with  amplitude,  follows  the  criterion  boundaries  in  Fig.  10 
reasonably  closely,  and  crosses  180  degrees  phase  lag  at  a  high  frequency  beyond  the  range  of  significant 
pilot  activity  (say  above  1.5  Hz),  then  PIO  in  up-and-away  flight  is  remote.  It  is  also  certain  to  be 
avoided  regardless  of  handling  ratings  if  at  the  180  degrees  phase  lag  frequency  the  application  of  stop-to- 
stop  stick  inputs  results  in  small  attitude  response,  say  i  2  or  3  degrees.  Exactly  similar  considerations 
apply  to  bank  attitude  PIO,  and  the  same  rules  should  be  applied  here  also. 

While  these  criteria  are  intended  to  permit  design  of  control  laws  without  pilot  models,  not  all 
projects  will  offer  the  flexibility  of  a  FBW  system,  and  It  is  always  of  value  to  acquire  some  appreciation 
of  the  pilots'  capabilities  and  limitations.  Ref.  7  discusses  these  as  derived  from  a  fixed  base  simulation 
and  covers  a  very  wide  range  of  characteristics  such  as  linearity,  non-linear  remnant,  output  frequency  range, 
the  p^,or  correlation  of  pilot  opinion  and  tracking  performance,  the  good  correlation  of  tracking  performance 
with  output  linearity,  and  so  on.  Fig.  11  illustrates  the  pilot's  ability  to  equalise  four  widely  different 
attitude  responses  from  Ref.  7.  In  three  of  them  his  output  is  largely  linear  and  he  is  able  to  reproduce 
surprisingly  well  the  K/S  aircraft  response  in  the  0.1  to  0.2  Hz  frequency  range  where  his  output  is  most 
significant.  In  the  fourth  case  he  Is  quite  unable  to  achieve  this  and  the  linear  model  represents  only  50% 
of  his  output  while  the  other  50%  is  non-linear  and  results  in  a  rather  frantic  switching  technique.  The 
boundary  found  in  these  experiments  between  linear  and  significantly  non-linear  behaviour,  which  always 
results  in  poor  opinion  can  be  shown  to  lie  along  the  line  of  2C<*n  =  1/T82,  the  Ref.  4  PIO  criterion. 

It  is  therefore  possible  to  construct  a  set  of  worst  case  never-exceed  low-order  boundaries  for 
different  damping  levels  at  any  value  of  1/T82,  in  Bode  form  to  separate  them  clearly.  Fig.  12  shows  these 
for  1 /T92  of  one  radian  per  second.  For  any  other  value  the  boundary  shapes  remain  Identical  but  the 
frequency  points  are  multlpled  by  1 /T62 .  Note  in  all  cases  the  low  frequencies  at  which  the  normal  maximum 
phase  lag  value  of  100  degrees  is  reached,  and  Indeed  exceeded  despite  the  absence  of  control  system  dynamics 
in  Case  4  of  Fig. 11  which  lies  beyond  these  boundaries.  It  is  of  interest  to  note  that  such  combinations  of 
low  frequency  and  low  damping  can  be  shown  to  satisfy  8785  requirements,  for  example  CAT.B,  with  perfectly 

reasonable  values  of  wing  loading  and  lift-slope.  As  discussed  earlier,  however,  it  would  require  unusual 

aerodynamics  because  low  frequency  is  associated  normally  with  low  manoeuvre  margin  and  high  damping. 

Application  of  these  boundaries  to  a  high  order  system,  which  could  very  veil  display  large  phase  lags  at 
low  frequencies  if  incorrectly  designed,  has  to  be  qualitative  in  nature.  This  is  because  the  low  order 
steep  attenuation  near  180  degrees  lag  is  usually  replaced  in  such  cases  by  a  rapid  traverse  in  phase  lag 
across  180  degrees  finishing  up  eventually  with  much  higher  lags,  probably  resulting  in  worse  PIO 
tendencies . 

The  part  played  by  normal  acceleration  in  PIO's  can  be  no  more  than  qualitative  in  the  sense  of 
Increasing  the  pilot's  concern  about  the  structural  safety  of  his  aircraft.  Ref.  8  clearly  demonstrates 
the  Inadequacy  of  the  human  linear  acceleration  sensor,  the  otolith,  to  provide  accurate  feedback.  Humans 
are  Indeed  able  to  sense  acceleration  as  small  as  O.OIg,  but  the  latency  time  before  a  steady  g  of  this 

level  is  detected  is  about  five  seconds.  The  dynamic  response  has  large  attenuation  and  phase  lag  at 

frequencies  beyond  0.25  Hz,  and  its  actual  gain  seems  somewhat  indeterminate. 

While  it  it>  certainly  difficult  to  provoke  PIO  in  fixed  base  simulators  it  is  by  no  means  impossible, 
and  the  resulting  pilot  behaviour  is  Indistinguishable  from  typical  flight  records.  The  "synchronous  pilot" 
response  to  attitude  is  very  easy  to  demonstrate  also.  The  fact  that  fixed  base  simulation  is  an  unreliable  i 

guide  to  PIO  seems  certainly  due  to  absence  of  attitude  acceleration  cues  from  the  semicircular  canals,  1 

probably  poor  visual  display  dynamics  in  the  past,  and  in  particular  poor  cues  representing  close  approach  j 
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to  tha  ground  in  landings.  Lateral  PIO's  in  bank  attitude  have  the  ease  observed  synchronous  pilot 
behaviour  as  pitch  PIO's  and  obviously  can  have  no  input  from  a  linear  acceleration.  It  has  always  proved 
sufficient  to  treat  the  "rapid  PIO"  as  a  single  loop  attitude  response. 

6.  THE  LAMPING  APPROACH 


This  task  deserves  separate  treatment  because  it  can  never  be  avoided  and  has  sometimes  revealed  marked 
tendencies  to  PIO  below  50  foot  altitude  even  where  this  is  not  detectable  in  circuit  flying  or  in 
simulations.  It  is  certainly  a  multi-loop  task  in  attitude,  flight  path  apd  speed,  and  poor  achieved 
performance  is  penalised  by  a  bad  and  possibly  damaging  landing.  The  drag  and  thrust  characteristics  which 
determine  whether  the  aircraft  is  a  "floater”  or  a  "sinker"  at  touchdown  are  not  discussed  here  and  have  not 
usually  been  the  direct  concern  of  the  PCS  designer,  although  this  will  change  with  the  introduction  of 
integrated  engine  and  flight  control  management  for  special  configurations.  In  the  following  paragraphs 
it  will  be  shown  that  satisfactory  pitch  attitude  and  flight  path  response  characteristics  can  be  defined 
for  low  or  high  order  PCS  systems  without  difficulty. 

Ref.  9  proposed  a  mechanism  for  the  Initiation  of  landing  PIO  which  has  been  successfully  extended  to 
include  all  the  cases  for  Ref.  2.  The  PIO  starts  when  the  pilot  begins  to  perceive  the  attitude  oscillation 
in  the  stick  pumping  activity  in  the  flare  manoeuvre.  The  latter,  noted  first  in  Ref.  10  seems  to  be  a 
subconscious  testing  of  the  pitch  control  by  pumping  at  a  frequency  where  pitch  acceleration  is  nearly  in 
phase  with  the  stick,  and  at  an  amplitude  of  about  6  deg  /sec2.  In  consequence  the  attitude  oscillation  is 
180  degrees  out  of  phase  with  the  stick,  so  that  the  pilot  is  already  "set  up”  for  a  PIO  if  he  detects  it 
consciously. 

In  the  true  low-order  aircraft  there  is  substantial  attitude  response  attenuation  before  the  pumping 
frequency  is  reached,  itself  considerably  higher  than  the  bandwidth  used  by  the  pilot,  and  the  phase  lag 
only  gradually  approaches  or  exceeds  180  degrees  so  that  the  frequency  choice  is  not  critical.  The  high 
order  PCS  can  transform  this  so  that  the  frequency  is  low,  giving  a  large  attitude  response  at  the  constant 
acceleration  level,  and  the  phase  lag  may  rapidly  pass  through  and  far  beyond  180  degrees.  These  factors 
are  sufficient  to  switch  on  the  latent  "synchronous  pilot"  into  a  PIO. 

Fig.  13  shows  an  open  loop  criterion  which  incorporates  all  the  relevant  Ref.  2  cases.  Neither  the 
attenuation  (effectively  a  gain  margin  of  a  sort)  nor  the  amplitude  alone  are  a  sufficiently  accurate  metric 
but  combined  as  shown  they  form  a  clear  indication  of  potential  PIO.  Although  the  rating  is  generally 
predicted  only  to  an  accuracy  of  3,  all  serious  PIO  cases  with  an  8  to  10  rating  are  unambiguously  identified 
with  large  criterion  values  and  all  very  highly  rated  cases  with  small  values.  However,  a  further  factor  is 
that  no  PIO  can  occur  if  the  response  amplitude  at  180  degree  phase  lag  is  so  low  that  even  stop-to-stop 
stick  inputs  generate  only  a  small  oscillation  e.g.  2  or  3  degrees  attitude,  as  noted  earlier. 

Although  a  great  deal  can  be  inferred  about  touchdown  behaviour  from  a  very  small  slice  of  the 
attitude  frequency  response,  overall  open  loop  boundaries  are  necessary  to  complete  the  design  process.  Those 
in  Fig.  14  were  derived  from  the  Ref.  2  cases.  They  effectively  divide  the  response  regions  into  two  at  a 
bandwidth  limit  set  by  the  frequency  at  which  phase  lag  is  120  degrees.  Above  this  frequency  the  PIO 
tendency  at  touchdown  is  determined  as  in  Fig.  13,  and  reponses  satisfying  the  boundaries  automatically 
achieve  low  PIO  criterion  values.  Below  the  bandwidth  frequency  the  responses  useful  for  flight  path  control 
are  defined.  The  satisfactory  range  of  bandwidth  limit  frequencies  lies  between  about  0.25  and  0.5  Hz. 

Briefly  discussed  in  Section  3  above,  the  Ref.  2  cases  provide  data  on  satisfactory  landing  approach 
time  responses.  Large  values  of  attitude  drop  back,  at  least  up  to  1.0  second,  which  vould  be  wholly 
unacceptable  for  precision  tracking,  seem  to  be  acceptable  with  some  constraint  on  initial  acceleration  and 
pitch  rate  overshoot  ratio.  This  is  probably  because  attitude  is  not  controlled  agressively  in  the  landing. 
The  flight  path  time  delay  should  not  exceed  2.0  seconds  for  satisfactory  approach  control  and  should 
certainly  be  less  for  optimum  touchdown  control . 

It  will  be  observed  from  the  above  results  that  satisfactory  approach  handling  can  be  achieved  with 
values  of  TB2  as  large  as  3.0  seconds.  For  quite  typical  wing  loading  and  lift  slope  this  could  be  associated 
with  normal  acceleration  per  radian  of  2.0  for  example,  well  below  the  8785  minimum.  For  equally  typical 
flare  responses  of  1.0  deg/second  pitch  rate  or  O.lg,  such  a  configuration  needs  only  an  increase  of  3.0 
degrees  angle  of  attack  to  achieve  this .  Stall  margins  do  not  impose  a  limit  so  long  as  conventional  speed 
margins  apply.  Such  considerations  strongly  support  the  results  in  Ref.  11  which  conluded  also  that 
minimum  approach  speed  should  be  set  by  T92 . 

It  may  also  be  observed  that  at  the  8785  Level  1  minimum  frequency  and  maximum  damping  the  flight  path 
time  delay  is  3.0  seconds  and  the  time  response  takes  more  then  10.0  seconds  to  settle  after  an  input,  which 
are  certainly  not  satisfactory  values.  For  a  damping  of  0.7  however,  these  values  reduce  to  a  satisfactory 
1.9  and  4.0  seconds. 

In  all  cases  where  such  landing  approach  criteria  have  been  tested  they  have  successfully  described 
the  aircraft  behaviour,  commencing  in  1972  with  use  of  the  stick  pumping  criterion  (Ref.  10)  to  predict  prior 
to  first  flight  the  final  approach  control  activity  at  engine  idle  conditions,  through  the  initial  criterion 
development  described  in  Ref.  9,  followed  by  expansion  into  the  present  forms  described  here  using  the  Ref.  2 
data  with  recent  application  to  published  characteristics  and  comment  ratings  of  the  F14,  YF12,  Space  Shuttle 
and  B1 .  It  is  especially  Interesting  to  note  that  aircraft  as  large  as  the  latter  two  are  described  as 
sluggish  or  satisfactory  by  exactly  the  same  criteria  as  small  Class  4  aircraft. 

The  final  proof  of  validity  has  been  demonstrated  by  the  digital  FBW  Jaguar,  with  probably  the  first  FCS 
designed  with  a  specific  process  for  avoiding  landing  PIO  as  well  as  providing  excellent  approach  and  landing 
characteristics,  in  both  the  pitch  and  (by  similar  methods)  the  roll  axes.  The  handling  has  turned  out  as 
predicted,  down  to  the  precise  stick  pumping  amplitude  and  frequency,  and  remains  excellent  in  severe 
crosswlnd  and  turbulence  conditions.  It  is  believed  with  confidence  that  application  of  these  criteria  to 
other  new  designs  will  ensure  similar  handling  despite  the  inability  to  detect  PIO  reliably  on  fixed  base 
simulators . 


lift 


2 


7. 


DELAYS  AMD  PHASE  UG 


Tine  delays  or  transport  delays  essentially  do  not  occur  in  analogue  FCS,  whether  high  order  or  not. 

They  occur  in  digital  FCS,  of  course,  but  it  is  rather  unlikely,  when  Halted  to  values  essential,  to  attain 
systea  stablity,  especially  so  for  lncreasii^ly  unstable  alrfraaes  of  the  future,  that  they  will  have  any 
discernible  effect  on  handling.  As  noted  in  the  PIO  discussion,  discontinuities  and  nonlinearities  due  to 
actuation  rate  and  acceleration  liaits  are  potentially  far  aore  serious  in  a  high  gain  FBW  systea  and  require 
careful  treataent. 

Phase  lsgs  are  inseparable  froa  analogue  or  digital  control  systeas  and  excessive  values  have  been  the 
root  cause  of  aost  FBW  handling  probleas.  However,  it  is  a  alstake  to  believe  that  specification  of  in-flight 
stick  to  control  surface  phase  leg  ie  either  necessary  or  sufficient  to  prevent  such  probleas,  as  two 
exaaples  will  deaonstrate. 

-  In  a  low  speed  landing  configuration  where  a  low  short  period  natural  frequency  has  been  augaented 
to  a  higher  value,  the  airfraae  will  of  couse  leg  the  control  surface  by  large  phase  armies  at 
frequencies  used  in  control  inputs.  It  is  therefore  essential  to  ensure  phase  lead  in  the  surface 
activity  to  obtain  acceptable  airfraae  phase  lags .  Meeting  a  phase  lag  requlreaent  only  would 
probably  ensure  PIO. 

-  A  very  high  short  period  natural  frequency  (16.0  r/s)  configuration  was  aiaulated  in  Ref.  1  Case  8, 
which  would  of  courae  have  required  surface  phase  lead  in  the  KT33  airfraae.  The  optlaua  version, 

80,  had  a  stick  lsg  prefiltar  with  0.3  seconds  tiae  constant,  which  has  about  60  degrees  phase  lag 
at  1.0  Hz.  If  a  "real”  airfraae  had  had  such  a  high  frequency  it  would  have  required  the  saae  lag 
prefilter.  In  this  case  seating  a  snail  phase  lag  requlreaent  would  ensure  an  excessively  abrupt 
pitch  response  and  prevent  precision  control  achleveaent. 

While  low  actuation  phase  lags  are  necessary  for  FBW  systeas,  which  could  legltlaately  require  soae 
specification,  control  surface  behaviour  in  flight  is  not  uniquely  definable  except  as  the  indirect  result 
of  achieving  satisfactory  attitude  or  flight  path  response. 

The  latter  can  be  coapletely  described  and  specified  by  the  criteria  presented  in  this  paper  without 
reference  to  the  control  surfaces . 

No  definition  has  been  seen  so  far  which  adequately  defines  the  difference  between  the  low  order  and 
high  order  FCS.  It  is  suggested  that  what  natters  to  the  pilot  la  not  the  transfer  function  order  but  the 
apparent  "order"  of  the  response  which  he  sees.  This  can  be  defined  qualitatively  by  the  naxinun  possible 
phase  lag  of  any  of  theae  responses,  for  exanple  zero  degrees  for  pitch  acceleration,  90  degrees  for  pitch 
rate,  180  degrees  for  pitch  attitude,  and  270  degrees  for  flightpath  angle,  for  the  pure  low  order  aircraft. 
Long  experience  has  shown  that  the  addition  of  noderate  actuation  phase  lags  need  not  alter  the  essential 
low  order  characteristics  so  far  as  the  pilot  can  observe  then.  It  is  also  well  established  that  good 
handling  qualities  are  confined  to  regions  within  this  broad  definition  of  low  order  responses. 

Hence  an  overriding  consideration  for  high  order  FCS  design  should  be  an  attenpt  to  contain  phase  lags 
to  values  no  greater  than  the  above  plus  say  an  extra  30  degrees  Tor  all  frequencies  below  1.5  Hz  or 
preferably  even  2.0  Hz. 

8.  CONTROLLER  CHARACTERISTICS  AND  STICK  FORCES 


It  is  well  known  that  rigid  centre  and  sldesticks  have  been  flown  in  a  number  of  programmes .  More 
aatisfactory  characteristics  have  also  been  shown  to  result  from  introduction  of  soae  notion  of  sldesticks 
and  considerable  research  has  been  conducted  in  recent  years  on  the  Calspan  NT33  to  determine  the  required 
force-displacement  gradients. 

Centre  sticks  will  probably  continue  to  be  widely  used  for  many  years.  The  lack  of  clear  guidance  to 
optimum  force-displacement  gradients  probably  reflects  the  ability  of  most  pilots  to  perform  aost  tasks 
acceptably  with  a  wide  range  of  gradients.  (See  for  example  Ref.  12).  The  exceptionally  demanding  LAHS 
environment  was  studied  in  a  g-seat  simulator  experiment  reported  in  Ref.  13,  in  which  great  care  appears 
to  have  been  taken  to  validate  results  against  flight  and  to  Involve  an  unusually  large  number  of  pilots. 

This  did  produce  clear  guidance  which  has  subsequently  correlated  well  with  a  series  of  aircraft  designed 
for  the  LAHS  role. 

It  is  worth  noting  that  the  inadvertent  pitch  stick  displacement  caused  by  arm  Jostling  in  turbulence 
was  only  weakly  related  to  feel  stiffness .  Consequently  the  effective  commend  disturbances  tended  to 
increase  as  the  feel  stiffness  increased,  roughly  in  the  proportion  of  stiffness  ratio  to  the  power  of  0.75. 
Pilot  overall  rating  was  found  to  correlate  with  feel  stiffness  rather  than  force  or  displacement  per  g, 
but  satisfactory  values  lay  between  3  and  25  lb/in.  (0.5  to  A  .4  N/mm).  However,  the  simulated  terrain 
following  performance  achieved  minimum  height  errors  for  moderate  stiffness  around  7  to  12  lb/ln  (1.2  to  2.1 
N/mm)  with  light  stick  force  per  g.  Hence  aircraft  intended  for  LAHS  operation  should  have  a  pitch  feel 
atlfrness  in  this  region,  which  will  be  satisfactory  also  for  other  tasks. 

Ref.  9  discussed  the  8785  stick  force  per  g  boundaries  and  noted  that  the  minimum  value  should 
Increase  at  low  speeds  rather  than  remain  constant  as  permitted.  This  view  can  be  further  substantiated  by 
consideration  of  the  following :- 

-  The  Ref.  1  data  showed  the  need  for  the  same  attitude  bandwidth  for  flight  refuelling  as  for  combat 
at  higher  speed,  a  quite  well  eetabllshed  value  froa  a  wide  range  of  experiments.  Ref.  1*  obtained 
satisfactory  rating  for  a  range  of  pilot  gain  per  degree  of  attitude  error  between  3  and  12  lb /degree 
,  (13  to  53  N/degree),  which  agrees  well  with  the  15  to  25  N/degree  noted  to  be  within  satisfactory 

,  liaits  in  Ref.  9.  A  constant  value  of  this  gain  implies  an  Inverse  function  of  speed  for  stick  force 

(  per  g .  At  higher  speeds  where  a  constant  stick  fores  per  g  is  desirable  for  compatibility  with 

\  structural  limits  the  consequential  reduction  in  attitude  response  gain  with  increasing  speed  is 

i 
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probably  also  favourable  for  LAHS  and  It  can  be  contained  within  satisfactory  Halts  in  any  case. 


-  Analysis  of  the  stick  command  gains  selected  by  the  Ref.  2  pilots  shows  poor  correlation  with  stick 
force  per  g.  Chosen  gains  were  6  to  60  lb/g  (27  to  270  N/g)  with  a  general  trend  to  low  values  for 
low  bandwidth  configurations,  but  Level  1  cases  lay  between  14  and  38  lb/g  (62  to  170  N/g). 

In  fact  the  Ref.  2  results  Indicate  that  pilots  prefer  stick  force  gains  related  to  pitch  attitude 
response  for  landing  approach.  Fig.  15  shows  the  striking  correlation  of  their  chosen  gains  with  attitude 
response  at  the  bandwidth  frequency  where  the  phase  lag  la  120  degrees.  The  higher  response  of  the  group 
of  low  damping  cases  siaply  reflects  pilots '  ability  to  distinguish  and  tolerate  the  open  loop  response 
resonance,  usually  near  its  peak  at  this  frequency,  provided  that  the  phase  lag  and  attenuation  at  higher 
frequencies  resemble  low  order  behaviour. 

Ref.  7  proposed  an  attitude  tracking  sensitivity  criterion  which  quite  successfully  Batched  the 
ratings  for  the  40  simulated  configurations.  This  added  the  proposed  opinion  rating  penalties  for  sluggish 
response  at  1  rad /sec,  excessive  response  at  5  rad /sec,  and  excessive  phase  lag  at  0.2  deg /lb  response 
amplitude .  The  latter  represents  the  phase  margin  for  the  "pure  gain  pilot"  at  5.0  lb /deg.  gain.  The  three 
corner  points  beyond  which  rating  decrements  were  indicated  are  shown  in  Fig.  16.  This  accurately 
differentiates  the  characteristics  of  two  FC3  standards  flown  in  the  development  phase  of  a  recent  combat 
aircraft  and  a  brief  survey  of  some  other  cases  suggests  that  it  could  be  the  basis  of  a  very  useful 
criterion  for  high  order  FCS.  It  is  proposed  that  a  wide  survey  of  available  flight  data  should  be  made  to 
establish  valid  limits  for  general  application.  Note  however  that  there  appear  to  be  national  preferences 
for  stick  force  levels  which  may  need  to  be  allowed  for.  UK  pilots  for  example  generally  seem  to  consider 
8785  stick  forces  on  the  heavy  aide. 

9.  CONCLUDING  REMARKS 


The  use  of  digital  computing  has  permitted  the  FCS  designer  to  modify  the  handling  qualities  of 
aircraft  to  levels  never  before  experienced .  The  first  lesson  to  be  learned  from  almost  universal 
experience  is  that  significant  departure  from  the  classic  low  order  aircraft  dynamic  response  characteristics 
will  probably  lead  to  poor  handling  qualities. 

The  second  lesson  is  that  the  intensive  study  and  analysis  of  handling  qualities  conducted  in  the 
1950's  and  1960's  provides  most  of  the  information  necessary  to  design  the  modern  high  order  FCS  control 
laws.  This  paper  has  presented  a  variety  of  methods  for  interpreting  the  intrinsic  pitch  behaviour  of 
classic  airframe  response  in  ways  not  solely  dependent  upon  a  definition  of  low  order  parameters  which  may 
no  longer  exist  meaningfully.  From  a  study  of  in-flight  experimental  data  a  range  of  satisfactory  responses 
related  to  flight  phase  has  also  been  identified. 

The  importance  of  time  response  criteria  is  strongly  emphasised,  each  individual  facet  having  an 
influence  on  rating  which  can  often  be  adjusted  to  advantage.  Some  of  these  facets  can  be  qualitatively 
identified  from  frequency  responses  but  the  latter  should  never  be  adjusted  without  consideration  of  the 
time  repsonse  changes. 

The  criteria  described  are  coming  into  routine  use  and  have  already  proved  easy  to  use,  presenting  to 
the  engineer  a  clear  view  of  the  handling  as  seen  by  the  pilot  and  thus  enhancing  the  communication  between 
them. 


The  power  of  the  combined  application  of  time  and  frequency  response  criteria  is  such  that  a  good 
appreciation  of  the  handling  qualities  of  a  configuration  can  be  obtained  almost  on  sight  of  the  oalculated 
response.  Often  the  required  adjustment  for  final  optimisation  can  be  defined  by  a  simple  inspection 
process . 

The  gains  achieved  in  the  1970 's  have  already  been  considerable.  The  foundations  for  the  future 
development  of  CT0L  aircraft  in  unconventional  directions  have  been  firmly  laid  by  the  fresh  insights  into 
handling  qualities  resulting  from  application  of  FBW  to  conventional  aircraft. 
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SUMMARY 

A  criterion  is  presented  that  allows  an  evaluation  of  the  longitudinal  maneuvering 
characteristics  of  modern  fighter  aircraft.  The  required  parameters  are  the  'gain  margin' 
and  the  'phase  margin*  of  the  frequency  response  characteristic  of  pitch  attitude  to 
control  force.  This  criterion  permits  an  evaluation  of  the  dynamic  characteristics  as 
well  as  the  steady-state  and  assumes  that  the  pilot  is  always  looking  for  a  compromise 
between  stability  and  response  time.  The  criterion  enables  the  estimation  of  PlO-tenden- 
cies,  gives  a  survey  about  the  influence  of  different  parameters  like  time  delay,  lead 
time,  natural  frequency,  damping  ratio  and  the  ratio  of  control  force  per  normal  load 
factor.  The  design  of  an  advanced  flight  control  system  as  an  example  illustrates  the 
conformity  of  this  criterion  with  MIL-F-8785. 


1.  INTRODUCTION 

The  classical  requirements  of  the  longitudinal  flying  qualities  are  given  in  MIL-F- 
8785C  (1).  In  the  case  of  longitudinal  maneuvering  characteristics  these  specifications 
evaluate  the  handling  qualities  on  the  basis  of  a  low  order  system  whereby  airplanes 
presenting  a  high  order  system  must  be  reduced  by  application  of  a  matching  method.  This 
report  represents  a  criterion  for  the  evaluation  of  the  longitudinal  maneuvering  charac¬ 
teristics  that  is  independent  of  the  order  of  the  system.  This  criterion  integrates  the 
evaluation  of  the  dynamic  characteristics  as  well  as  the  steady-state.  It  has  been  de¬ 
veloped  for  airplanes  of  Class  IV  and  for  flight  phases  of  Category  A  as  defined  in  (1). 
Fundamentally  the  criterion  itself  is  applicable  for  other  classes  of  airplanes  and 
other  flight  phases,  but  in  this  cases  the  limits  must  be  changed  and  validated. 

It  is  assumed  here  that  for  flight  phases  of  Category  A,  like  air-to-air  combat  or 
close  formation  flying,  the  pilot  closes  the  attitude  control  loop.  Therefore  this  loop 
has  been  selected  for  the  development  of  the  criterion. 

For  the  evaluation  of  the  maneuvering  characteristics  the  frequency  response  character¬ 
istic  of  the  pitch  attitude/control  force  transfer  function  is  chosen.  The  pilot  rating 
applies  to  this  part  of  the  control  loop  which  includes  subsystems  like  control  stick, 
linkage,  flight  control  system,  sensor,  actuator  and  the  airframe  itself.  Together  with 
an  assumed  unity  gain  for  the  pilot,  the  open  loop  attitude  control  characteristic  is 
fully  realized.  Consideration  of  the  open  loop  characteristic  gives  the  possiblity  of 
applying  control  theory.  The  characteristic  parameters  for  the  design  of  a  control  loop 
with  the  aid  of  the  frequency  response  characteristic  of  the  open  loop  are  the  'gain 
margin',  the  'phase  margin'  and  the  'crossover  frequency'. 


2.  GENERAL  REQUIREMENTS  FOR  THE  DESIGN  OF  A  CONTROL  LOOP 

Figure  1  shows  the  block  diagram  of  the  attitude  control  loop.  In  this  loop  the  pilot 
acts  as  a  controller  by  applying  forces  on  the  control  stick  and  observing  the  pitch  atti¬ 
tude. 

This  loop,  closed  via  the  pilot,  can  be  considered  as  a  general  control  loop.  The 
classical  requirements  of  control  theory  are  valid.  They  include  the  following  aspects: 

1 .  The  control  loop  has  to  be  stable 

2 .  A  certain  steady  state  accuracy  must  be  attained 

3.  A  sufficient  damping  is  necessary 

4.  An  adequate  time  response  is  needed 

The  1st  requirement  is  a  necessary  condition  and  the  2nd  is  fullfiled  by  including  an 
integration  term  in  the  pitch  attitude/control  force  transfer  function.  The  remaining  re¬ 
quirements  may  be  evaluated  by  considering  the  frequency  response  characteristic  of  the 
open  loop. 

However,  the  characterization  of  this  open  control  loop  is  very  difficult  because  it 
includes  the  pilot.  The  pilot  of  course  is  a  very  complicated  system  and  cannot  be  exactly 
described  by  a  linear  transfer  function.  Normally  the  pilot  changes  his  gain,  varies  his 
time  constants  and  shows  a  nonlinear  behaviour.  Therefore  only  simple  pilot  models  are 
used,  but  their  application  may  lead  to  an  incorrect  evaluation.  For  this  reason  here  the 
pilot  model  is  excluded  by  setting  the  simulated  pilot  to  unity.  Thus  making  the  ratio 
pitch  attitude/control  force  to  be  the  open  loop  transfer  function  of  the  control  loop. 

Now  the  problem  of  control  loop  design  is  a  conflict  of  the  above  3rd  and  4th  require¬ 
ment.  If  the  damping  is  decreased  the  response  time  is  less  and  vice  versa.  Therefore  the 
design  of  a  control  loop  always  has  to  be  a  compromise  between  quality  of  damping  and  re¬ 
sponse  time.  Considering  a  pilot  and  a  control  engineer  both  should  arrive  at  approximate- 


ly  the  same  solution.  A  control  engineer  would  use  a  deterministic  approach  applying 
control  system  theory  to  design  a  controller.  In  case  of  the  attitude  control  loop,  the 
pilot  takes  over  the  function  of  the  controller.  He  adapts  himself  intuitively  in  such  a 
manner  that  an  acceptable  compromise  between  quality  of  damping  and  response  time  results. 
Therefore,  the  pilot  evaluates  intuitively  the  same  parameters  as  the  control  engineer. 
This  is  the  reason  why  we  must  look  to  the  design  parameters  used  in  control  theory. 


3.  GAIN  AND  PHASE  MARGIN 

According  to  control  theory  there  are  three  parameters  giving  a  good  measure  of  quali¬ 
ty  of  damping  and  response  time.  These  are  the  'crossover  frequency',  the  'gain  margin' 
and  the  'phase  margin'  of  the  open  loop.  These  parameters  are  illustrated  in  figure  2  and 
defined  as  follows: 

-  Crossover  frequency  wc  is  the  frequency  at  which  the 
gain  curve  crosses  the  OdB-line. 

-  Gain  margin  G^  is  the  difference  of  gain  between 
the  OdB-line  and  the  gain  at  the  frequency  with  a 
phase  lag  of  180°. 

-  Phase  margin  pm  is  the  difference  of  phase  between 
the  phase  at  the  crossover  frequency  and  a  phase  lag 
of  180°. 

The  phase  margin  can  be  considered  as  an  appropriate  measure  of  closed  loop  deunping, 
if  the  gain  attenuates  near  the  crossover  frequency.  In  order  to  evaluate  this  attenua¬ 
tion  the  gain  margin  is  needed  as  a  further  parameter.  If  the  gain  margin  is  low  the  gain 
attenuation  is  small  and  vice  versa.  Therefore  we  can  say:  The  magnitudes  of  gain-  and 
phase  margin  of  the  open  loop  express  the  quality  of  damping  of  the  closed  loop. 

The  crossover  frequency  osc  is  a  measure  of  the  response  time.  The  larger  the  value  of 
uic  the  shorter  is  the  response  time  of  the  closed  loop  and  vice  versa.  However,  increa¬ 
sing  the  crossover  frequency  in  order  to  shorten  the  response  time  generally  lowers  the 
gain-  and  phase  margin  and  results  in  poor  damping.  Therefore  the  design  of  a  control 
loop  is  a  compromise  between  crossover  frequency,  gain  and  phase  margin. 

Now  the  crossover  frequency  is  a  function  of  the  steady-state  gain  of  pitch  rate/ 
control  force  which  is  proportional  to  normal  load  factor/control  force.  In  practise  the 
pilot  controls  with  a  larger  gain  than  the  assumed  unity  gain  and  thus  shifts  the  cross¬ 
over  frequency.  In  attemping  to  get  a  good  closed  loop  characteristic  the  pilot  has  to 
Intuitively  adjust  his  gain.  If  he  selects  a  large  gain  in  order  to  decrease  the  response 
time  he  reduces  the  gain-  and  phase  margin  which  represents  the  system  damping.  Reducing 
the  gain  increases  the  response  time,  but  improves  the  damping.  By  means  of  gain  adjust¬ 
ment  the  pilot  is  able  to  find  a  compromise  between  damping  and  response  time.  Thus  pos¬ 
sible  shifting  of  the  crossover  frequency  and  therefore  the  resulting  response  time  is  a 
function  of  the  gain-  and  the  phase  margin. 

Due  to  this  we  can  say  that  the  two  parameters,  gain  and  phase  margin  of  the  open  loop 
frequency  response  characteristic,  pitch  attitude/control  force,  may  be  a  good  measure  of 
both  damping  and  response  time. 


4.  DEVELOPMENT  OF  THE  LIMITS 

For  development  and  validation  of  a  criterion,  based  on  gain  and  phase  margin,  the 
frequency  response  characteristics  and  the  pilot  comments  from  Neal  and  Smith  (2)  were 
used.  The  dimension  of  the  gain  curve  is  [deg/lb] .  This  investigation  shows  that  envelopes 
of  gain-  and  phase  margin  can  be  assigned  to  levels  of  handling  qualities.  Figure  3  pre¬ 
sents  these  results  in  a  gain/phase  margin  diagram. 

Handling  qualities  of  Level  1  assume  a  phase  margin  about  95  degrees  and  a  gain  margin 
above  20.5  dB.  An  increasing  or  decreasing  of  the  phase  margin  needs  a  higher  value  of 
the  gain  margin  to  maintain  Level  1.  When  decreasing  either  or  both  margins,  the  handling 
qualities  degrade  below  Level  2  to  Level  3.  However,  the  most  direct  way  to  degrade  hand¬ 
ling  qualities  is  to  decrease  both  margins  simultaneously. 

In  case  of  a  phase  margin  less  than  100*  the  boundaries  between  Level  1  and  Level  2 
and  also  between  Level  2  and  Level  3  indicate  that  a  decreasing  of  the  phase  margin  must 
be  followed  by  an  increasing  of  the  gain  margin  to  maintain  the  handling  quality  level. 

The  reason  is  that  lower  values  of  phase  margin  correspond  to  a  larger  phase  lag  of  the 
system.  This  means  the  system  itself  responds  slowly  and  the  pilot  may  shorten  the  re¬ 
sponse  time  by  using  a  larger  gain.  This  requires  a  sufficient  gain  margin. 

An  Increase  in  phase  margin  corresponds  to  a  shortening  of  response  time.  In  this  case 
the  pilot  is  satisfied  with  a  lower  gain  margin  because  he  only  has  to  control  with  a 
lower  pilot  gain  to  reach  a  desirable  response  ime.  For  phase  margins  larger  than  100* 
and  herdling  qualities  of  Level  1,  an  increasing  of  phase  margin  requires  a  higher  value 
of  gain  margin.  In  this  case  the  system  quickly  responds  and  the  pilot  prefers  a  high 
damping  for  good  handling  qualities. 
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Up  to  now  an  upper  limit  of  the  Level  1  area  cannot  be  proven  until  more  flight  test¬ 
ing  is  done  in  this  area.  It  is  assumed  that  a  limit  exists  in  the  vicinity  of  a  gain 
margin  of  35  dB. 

The  maximum  amount  of  the  gain  curve  deviation  from  the  20.  dB/decade  line 
(|  lMax>  figure  2)  proves  to  be  a  further  parameter  influencing  the  handling  qualities. 

For  Level  1  it  must  be  less  than  10  dB  and  for  Level  2  less  than  20  dB. 

Figure  4  shows  typical  pilot  comments  for  the  different  areas  in  the  gain/phase  margin 
diagram.  If  we  keep  a  constant  gain  margin  it  has  been  found  that  with  an  increasing  of 
phase  margin,  the  comments  change  from  'slow'  to  'good'  to  'too  fast'  initial  response. 

If  we  keep  a  constant  phase  margin  a  decreasing  of  gain  margin  results  in  comments  vary¬ 
ing  from  'steady  on  target'  (Level  1)  to  'tendency  to  oscillation'  (Level  2)  to  'PIO- 
tendency  (Level  3) .  Obviously  the  value  of  the  gain  margin,  depending  on  the  phase  margin, 
is  a  measure  of  PlO-tendency . 


5.  COMPARISON  WITH  MIL-F-8785 

The  so  called  gain/phase  margin  criterion  is  able  to  evaluate  low  and  high  order 
systems.  For  low  order  systems  the  evaluation  should  yield  the  same  as  given  in  the  MIL- 
specif ications.  Therefore  the  criterion  has  been  further  proven  by  evaluating  low  order 
systems.  The  selected  transfer  function  is  presented  by  the  following  equation; 

K  _ 1 _  .  _ 1  ♦  Tps _  ... 

Fs  ”  s  1+Ts  ’  1  +  2c/uns  +  1/uin1  I*"  ' 


Hereby  gain  K  is  the  steady-state  ratio  of  pitch  rate/control  force  which  is  propor¬ 
tional  to  the  ratio  normal  load  factor/control  force  (equation  (2>). 


Steady-State 


(2) 


Steady-State 


TAS 


The  limits  of  the  ratio  control  force/normal  load  factor  (Fs/n)  are  defined  in  Para. 

3. 2. 2. 2.1  of  MIL-F-8785  (1).  For  further  calculation  it  has  been  assumed  that  Fs/n  has  a 
value  of  5  lb/g.  With  a  selected  true  airspeed  VTAS  of  800  ft/sec  a  value  of  K  =  0.46 
deg/sec  lb  results.  The  term  1/(1+Ts)  of  Eq.  (1)  represents  the  control  system.  For  the 
lag  time  constant  T  a  value  of  0.05  sec  has  been  selected.  According  to  Para.  3.5.3  of 
MIL-F-8785  B  this  value  causes  the  allowed  phase  lag  of  30°  at  u  «  11.5  rad/sec  and 
therefore  fullfils  the  requirements  of  Level  1  up  to  this  frequency.  The  lead  time  con¬ 
stant  To  has  been  varied  from  0  to  2  sec.  The  damping  ratio  t  and  the  natural  frequency 
wn  have  been  varied  within  the  limits  of  the  MIL-specif ication. 

Figure  5  presents  the  result  of  a  lead  time  variation.  Fs/n  and  wn  has  been  kept  con¬ 
stant  within  optimum  of  Level  1  (n/a  =  20  g/rad) .  With  a  damping  ratio  of  t  =  0.3,  which 
is  near  the  lowest  allowed  limit,  even  high  value  of  the  lead  time  constant  do  not  bring 
the  system  to  Level  1 .  An  increasing  of  the  damping  ratio  to  an  acceptable  value  of 
t  =  0.67  results  in  Level  1  in  the  range  of  lead  time  constants  from  0.2  sec  to  0.8  sec. 

A  further  increasing  of  the  damping  ratio  (C  «  1.5)  produces  a  slower  system  and  there¬ 
fore  higher  values  of  the  lead  time  constant  are  necessary  for  Level  1 
(-0.4  sec  <  Tg  <-1.5  sec).  The  optimal  area  of  Level  1  is  reached  with  optimal  values  of 
damping  ratio,  natural  frequency  and  proper  values  of  normal  load  factor/control  force 
and  lead  time  constant.  The  gain/phase  margin  criterion  is  in  agreement  with  the  MIL- 
specif  ications. 

Figure  6  indicates  the  effect  of  variation  of  the  natural  frequency.  Fs/n  and  t  are 
in  an  optimum  range  of  the  MIL-specif ications.  Without  any  lead  only  high  values  of 
“n  l«n  >10  rad/sec)  produce  Level  1  handling  qualities,  and  then  only  within  a  limited 
area.  However,  with  wn  *  30  rad/ sec  handling  qualities  must  be  degraded  to  Level  3 
because  the  maximum  amount  of  the  gain  curve  (|  [max,  figure  2)  is  larger  than  20  dB. 

A  proper  lead  time  of  0.5  sec  brings  the  system  to  Level  1  for  a  range  of  uin  from 
approximately  2.5  rad/sec  to  7  rad/sec.  The  configuration  with  wn  *  30  rad/sec  is  again 
degraded  to  Level  3  (|  | max  >  20  dB) .  A  lead  time  of  1  sec  increases  the  initial  response 

and  therefore  the  frequency  range  of  Level  1  decreases  (from  2  rad/sec  to  about  4  rad/sec). 

Figure  7  presents  the  result  of  a  variation  of  the  damping  ratio  (t  =  0.3  f  1.5). 

In  case  without  lead  Level  1  area  cannot  be  reached.  With  a  lead  time  constant  of  0.5  sec 
the  criterion  gives  the  same  evaluation  as  the  MIL-specif ications.  A  further  increase  to 
Tq  •  1  sec,  which  provides  a  faster  initial  response,  needs  a  higher  value  of  the  damping 
ratio.  This  evaluation  indicates  that  with  a  proper  value  of  Tq  the  MIL-limits  of  the 
damping  ratio  t  are  correct,  but  that  with  an  increase  of  the  lead  time  constant  the 
limits  must  be  reduced  accordingly. 


Figure  8  shows  the  effect  of  a  variation  of  the  steady-state  value  of  F8/n.  This  factor 
influences  the  gain/phase  margin  and  therefore  the  handling  qualities.  Without  any  lead 
only  a  higher  value  of  Fs/n  causes  a  ‘.evel  1  rating.  Again  with  Tq  *  0.5  sec  a  conflrmity 
with  the  MIL  exists.  In  case  of  larger  lead  time  constants  higher  values  of  Fs/n  are 
necessary  for  Level  1. 
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Figure  9  indicates  the  effect  of  an  additional  time  delay.  The  parameters  of  the 
transfer  function  are  all  inside  of  the  Level  1  limits  of  the  MIL-specifications.  Inde¬ 
pendent  of  the  lead  time  constants  all  systems  with  x  =  0  are  within  the  Level  1  area. 

Already  a  small  time  delay  degrades  the  handling  qualities  from  Level  2  to  Level  3. 

A  time  delay  of  only  0.05  sec  causes  a  degradation  from  the  optimal  area  to  the  boundary 
of  Level  1 /Level  2. 


6.  ADVANTAGES 

Due  to  the  recognizable  effect  of  various  parameter  variations  an  advantage  of  this 
criterion  emerges:  it  facilitates  the  design  of  good  handling  qualities.  For  example 
figure  10  shows  clearly  how  a  case  of  bad  handling  qualities,  caused  by  a  time  delay,  is 
improved  by  a  higher  value  of  Fs/n.  Figure  10  also  shows  how  a  decreasing  damping  ratio 
may  be  improved  by  increasing  the  ratio  of  control  force/normal  load  factor  and  vice 
versa. 

A  further  advantage  of  the  gain/phase  margin  criterion  is  a  possible  PlO-evaluation. 
As  presented  in  figure  4,  PlO-tendency  increases  by  a  decrease  of  the  gain  margin. 

Figure  11,  which  includes  the  effect  of  all  parameter  variations,  indicates  that  the 
variation  of  c,  Fs/n  and  t  directly  shifts  the  gain  margin.  These  parameters  are  mainly 
responsible  for  PlO-tendencies .  An  increasing  of  the  time  delay,  a  decreasing  of  the 
damping  ratio  as  well  as  a  decreasing  of  the  ratio  control  force/normal  load  factor 
causes  an  increasing  PlO-tendency .  The  variation  of  the  remaining  parameters  To  and  cun 
have  a  lower  influence  on  PlO-tendencies  because  their  direction  of  shift  is  almost 
parallel  to  the  phase  margin  line.  These  results  are  confirmed  by  special  PlO-criteria 
as  (3)  and  (4). 


7.  DESIGN  OF  A  FLIGHT  CONTROL  SYSTEM 

The  gain/phase  margin  criterion  has  already  been  applied  to  the  design  of  a  Command 
and  Stability  Augmentation  System  (CSAS)  for  a  high  performance  fighter  in  a  Delta- 
Canard-conf iguration.  The  object  has  been  to  calculate  the  coefficients  of  the  given 
flight  control  system  in  such  a  way  that  handling  qualities  of  Level  1  result  according 
to  both  the  MIL-specifications  and  the  gain/phase  margin  criterion.  The  design  has  been 
made  over  the  whole  flight  envelope,  which  requires  a  large  number  of  flight  cases.  For 
a  true  airspeed  VTAS  less  than  800  ft/sec,  the  steady-state  ratio  of  pitch  rate/control 
force  has  been  selected  to  0.46  deg/sec  lb  while  for  a  true  airspeed  above  this  value, 
the  ratio  of  pitch  rate/control  force  has  been  calculated  according  to  Eq.  (2)  with 
Fs/n  =  5  lb/g.  Applying  the  gain/phase  margin  criterion  the  frequency  response  character¬ 
istic  of  pitch  attitude/control  force  has  been  used  whereas  for  the  MIL-requirements  the 
roots  of  the  airframe  plus 'CSAS '  has  been  chosen.  These  roots  represent  the  equivalent 
short-period  characteristic. 

Figure  12  gives  the  handling  qualities  evaluation  of  these  two  criteria.  The  damping 
ratios  and  the  natural  frequencies  of  the  equivalent  short  period  are  within  the  limits 
of  Level  1.  The  lead  time  constant  ranges  from  about  2  sec  to  about  0.5  sec.  This  indi¬ 
cates  that  this  time  constant  is  situated  in  the  area  of  high  performance  fighter.  At 
the  same  time  all  design  points  are  also  within  the  limits  of  Level  1  of  the  gain/phase 
margin-criterion,  even  near  the  optimal  area.  As  a  result  it  has  been  found  that  there 
are  no  obvious  discrepancies  between  these  two  criteria.  However,  it  must  be  mentioned 
that  the  evaluation  according  to  MIL-specifications  only  considers  the  roots  representing 
the  short-period  chararacteristic  and  neglects  the  further  roots  of  the  transfer  function 
of  the  closed  control  loop. 

This  design  of  a  flight  control  system  has  been  accomplished  to  fullfil  both  of  the 
criteria.  This  indicates  that  the  gain/phase  margin-criterion  may  yield  to  the  same  re¬ 
sults  as  the  MIL-specifications. 


8.  RULES  OF  APPLICATION 

The  gain/phase  margin-criterion  needs  the  frequency  response  characteristic  of  pitch 
attitude/stick  force  including  the  steady-state  ratio.  This  characteristic  shall  not  in¬ 
clude  the  dynamic  characteristic  of  the  cockpit  controller.  The  considered  frequencies 
range  from  about  0.4  rad/sec  to  about  10  rad/sec. 

If  only  the  frequency  response  characteristic  of  the  pitch  rate/control  force  is 
available  that  of  pitch  attitude/control  force  can  be  calculated  by  the  addition  of  a 
phase  lag  of  90°  and  the  addition  of  a  gain  line  with  an  attenuation  of  20  dB/decade. 
Thereby  the  crossover  frequency  of  this  line  is  determined  by  the  steady-state  value  of 
pitch  rate/control  force  (figure  2). 

In  case  the  steady-state  value  of  pitch  rate/control  force  is  not  known,  this  parameter 
can  be  calculated  according  to  Eq.  (2)  by  using  the  values  of  control  force/normal  load 
factor  and  the  value  of  true  airspeed.  If  the  steady-state  ratio  cannot  be  calculated  be¬ 
cause  the  value  of  Fa/n  is  not  known,  it  may  be  assumed  that  for  Vtas  larger  than 
800  ft/sec,  Fs/n  has  a  value  of  5  lb/g  and  for  VtAs  less  than  800  ft/sec,  the  steady-state 
ratio  of  §/Fs  has  a  value  of  0.46  deg/sec  lb. 
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When  the  value  of  Fs/n  is  within  the  limits  of  para.  3. 2. 2.1  of  the  MIL-F-8785  C,  the 
the  handling  qualities  of  the  longitudinal  maneuvering  characteristics  can  be  evaluated 
as  follows: 

1.  Calculation  of  the  gain  margin  G,,,  (figure  2) 

2.  Calculation  of  the  phase  margin  <o  m  (figure  2) 

3.  Calculation  of  the  maximal  gain  amount  j  I max  (^9UEe  2) 

4 .  Evaluation  according  to  the  gain/phase  margin  diagram 
(figure  3) 

5.  Degradation  to  Level  2  if  I  |u.v  >  10  dB  and  to  Level  3 

if  Umax  >  20  dB 


9.  CONCLUSION 

The  parameters  gain  and  phase  margin  of  pitch  attitude/control  force  has  proven  to  be 
a  reliable  measure  of  the  longitudinal  maneuvering  characteristics  with  and  without  a 
Command  and  Stability  Augmentation  System.  In  the  same  manner  as  the  MIL-specif ications 
the  gain/phase  margin  criterion  defines  ranges  for  different  levels  of  handling  qualities. 
The  application  of  the  described  method  is  very  simple  to  use  and  does  not  require  exten¬ 
sive  calculations. 

The  criterion  gives  an  overall  evaluation  of  all  systems  situated  between  the  control 
force  and  the  pitch  attitude.  Compared  with  the  MIL-specif ications,  this  method  offers 
the  advantage  of  a  complete  evaluation  of  all  parameters  such  as  damping  ratio  and  natural 
frequency  of  the  short  period,  lead  and  lag  time  constants,  time  delay  and  even  the  value 
of  control  force/normal  load  factor.  This  means  the  criterion  evaluates  the  dynamic  cha¬ 
racteristics  as  well  as  the  steady-state.  This  makes  it  possible  to  perform  a  PlO-evalua- 
tion. 

This  criterion  does  not  overcome  the  general  weakness  of  neglecting  nonlinearities. 
Further  it  does  not  include  the  dynamic  behaviour  of  the  control  stick  and  the  ratio  of 
control  force  to  stick  deflection.  There  is  another  aspect  which  is  generally  neglected 
but  must  be  considered  in  future:  the  speed  of  pilot  adaption  capability. 

Our  effort  in  the  future  will  be  a  further  improvement  of  this  criterion  so  that  it 
will  be  applicable  to  different  classes  of  airplanes  and  different  categories  of  flight 
tasks.  Special  attention  will  be  given  to  PlO-evaluation. 
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FIGURE  3:  GAIN-  AND  PHASE  MARGIN  CRITERION 
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FIGURE  4:  PILOTS'  COMMENTS 


FIGURE  1 1 :  PIO-TENDENCIES  OF  VARIOUS  PARAMETERS 


FIGURE  12:  COMPARISON  GAIN-PHASE  MARGIN  CRITERION/MIL-F-8785 
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Le  MIRAGE  2000  est  ufl  avion  equip*  (fun  systeme  de  commandes  de  vol  strict* men t  Electriques.  Le 
choix  cfune  telle  solution  repond  ait  a  deux  objectifs  principaux. 


Le  premier  de  ces  obiectifs  Etait  de  rendre  fa v ion  capable  de  voter  dans  des  conditions  d* instability 
longitudinale  natureUe  notable.  Les  avantages  directs  de  telles  conditions  de  vol  sont  bien  connus  et  se  traduisent 
en  ter  me  s  de  gains  de  performances,  en  particulier  sur  les  vitesses  cfapproche,  sur  les  marges  et  llmites  de 
manoeuvres,  tant  subsoniques  que  super  soniques.  Ces  gains  sont  particulierement  sensibles  pour  un  avian  de  for  mule 
Delta  comme  le  MIRAGE  2000.  Les  avantages  indirects  ne  sont  pas  mo  ins  importants  t  la  suppression  de  la 
contrainte  de  stabilite  longitudinale  dans  ('optimisation  aerodynamlque  de  I'avion  a  permis  de  retenir  des  dispositifs 
tels  que  des  bees  de  bord  (fattaque  de  grandes  surfaces,  dont  les  effets  sur  la  finesse  sont  spectaculaires,  mais  dont 
les  consequences  sur  la  stabilite  longitudinale  sont  telles  que  leur  adoption  pour  in  avion  EquipE  de  commander  de 
vol  classiques  serait  delicate.  Enfin,  f  adopt  ion  (fun  systeme  de  commander  de  vol  electriques  ayant  la  capacity 
cfassurer  la  stabilisation  (fun  avion  natureliement  instable,  per  met  de  reduire  a  de  simples  problEmes  de 
compatibilite  structurale  les  exigences  cfemport  de  multiples  charges  externes  sans  consequence  vralment 
penalisante  sur  la  definition  generate  de  favion. 


Ce  premier  objectif,  vise  par  l'adoption  de  commander  de  vol  strict* ment  electriques  sur  le 
MIRAGE  2000,  est  fondamentaL  La  conception  mEme  de  I'avion  en  dEpendait.  Cest  lui  qui  per  met  (fexploiter 
pteinement  les  avantages  de  la  for  mule  Delta  (avantages  structuraux  et  aerodynamiques)  sans  en  subir  le  principal 
handicap  qui  reside  dans  fimpossibilite  de  fequiper  de  dispositifs  hypersustentateurs  efflcaces. 


Le  second  de  ces  obiectifs  etait  de  reallser,  par  rapport  a  un  avion  EquipE  de  commander  de  vol 
classiques,  un  pas  signilicatif  dans  famuli  oration  des  qualites  de  pilotabiiitE  de  favion.  Ce  second  objectif,  bien  que 
n'etant  pas  en  soit  fonda mental  pour  la  conception  de  favion,  n’en  est  pas  moins  primordial  dans  le  bilan  final 
exprime  en  termes  (fefficacite  operationnelte. 


o 


o  o 


Le  premier  des  objectifs  que  nous  avons  dEcrlt  a  exigE,  pour  Et re  attelnt,  un  effort  de  conception 
technologique  du  systEme  de  commander  de  vol  Electriques,  a  fin  (fassurer  un  niveau  suffisamment  ElevE  de 
sEcuritE.  Deux  grands  principet  ont  prEsidE  a  cette  conception  t 

-  choix  (Tun  niveau  de  redondance  adaptE  A  la  crlticitE  des  fonctions  reallsEes  par  les  differents  Elements  du 
systEme  |  en  particulier,  une  redondance  (fordre  *  (capacltE  de  survie  a  une  double  panne)  a  ainsi  EtE  retenue 
pour  fElaboration  des  ordres  de  contrfile  des  Elevens  et  seu lament  (fordre  i  pour  fElaboration  des  ordres  de 
direction. 

•  capacltE  (fune  certain*  reconfiguration  fonctionnelle  des  chatnes  en  fonction  du  niveau  (fintEgritE  de  ses 
constituents. 


Le  deuxiEme  objectif  n'ajouuit  en  soit  que  peu  de  difficultEs  techniques  E  celles  qu*!!  fallait 
sur  mooter  pour  atteindre  te  premier  objectif «  un  svstEme  de  commander  de  vol  Electriques,  capable  (fasairer  la 
stabilisation  <fvm  avion  natureliement  instable,  possede  la  varlEtE  de  dEtecteurs  et  la  capacltE  de  traitement  exigEe 
par  une  optimisation  poussEe  du  comportement  gEnErai  de  favion  vu  pilote,  e'est-a-dire  de  sa  pilotabiiitE.  En 
fait,  les  difficultEs  residaient  a  priori  beaucoup  plus,  (fune  part  dans  te  choix  mtme  des  objectifs  de  pilotabiiitE  a 
viser ,  (f autre  part  dans  celui  des  critEres  i  prendre  en  compte  pour  rEtablisMment  des  rEglages  du  systEme  de 
commandes  de  vol  per  me tt  ant  cfatteindre  ces  objectifs. 


i 
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Le  prototype  n*  1  du  MIRAGE  2000  effectua  son  premier  vol,  le  10  Mars  1978.  Son  systime  de 
commandes  de  vol  electriques  avait  alors  atteint  un  stade  de  developpement  suffisamment  avance,  et  la  confiance 
que  Ton  pouvait  avoir  en  son  bon  fonctionnement,  assise  sur  de  multiples  campagnes  tfessais  sur  banc  au  sol,  etait 
suffisante  pour  que  ies  responsables  des  essais  en  vol  de  Favion  n'hesltent  pas  a  lul  faire  ouvrir,  des  ce  premier  vol, 
un  domalne  incluant  des  vitesses  super soniques  (Mach  1.3). 


Ce  premier  vol  et  les  sulvants  confirmer ent  la  validite  des  solutions  technologiques  retenues  et 
celles  des  principaux  reglages  des  commandes  de  vol  qui  regissent  le  comportement  statique  et  dynamique  de 
I'avion  pilote,  c'est-a-dire  en  definitif  ses  qualites  de  vol. 


Et  il  est  important  de  preciser  que  les  principaux  reglages,  qui  ont  vole  au  court  des  premiers  vols  du 
premier  prototype,  ont  a  quelques  details  pris  ete  conserves  pour  ies  commandes  de  vol  du  MIRAGE  2000  de  serie. 
Certes  quelques  ajustements  ont  ete  indispensable!  au  court  des  essais  en  voL  Malt  ces  abatements  furent 
minimes.  Par  ailleurs,  s'ils  se  sont  averes  necessaires,  c'est  qu'en  raison  de  certaines  divergences  decouvertes  en 
vol,  essentiellement  en  transsonique,  entre  let  veritable*  caracteristiques  aerodynamiques  de  I'avion  et  nos 
previsions,  ie  comportement  reel  de  celui-ci  s'est  revile  different  du  comportement  souhaite.  et  non  parce  que  le 
comportement  souhaite  ne  satisfaisait  pas  les  pilotes.  Ceci  signifie  bien  que  les  criteres  de  qualites  de  vol,  pris  en 
compte  pour  Fetablissement,  avant  vol,  des  reglages  du  systeme  de  commandes  de  vol,  ont  ete  partaitement 
verifies  par  {’experimentation. 


C'est  un  succes  certain  |  mais,  en  toute  honnitete,  il  n'y  a  pas  iieu  (Fen  tirer  une  gloire  excessive, 
car  ce  succes  est  parfaitement  logique  et  la  consequence  directe  des  possibilites  offertes  par  les  commandes  de  vol 
electriques. 


En  effet,  tous  les  criteres  de  qualites  de  vol,  qt/ii  s'agisse  de  criteres  universellement  cormus 
(au  point  qu'ils  constituent  la  base  de  certaines  normes)  ou  de  criteres  moins  connus  et  propres  au  constructed, 
presentent  la  particularity  de  n'ttre  significatifs,  et  done  vraiment  applicables,  que  sous  deux  conditions  : 

-  qu'ils  concernent  des  comportement!  de  I'avion  relativement  "simples'' :  modes  decouples,  quasi-linearite  de  ces 

modes, . 

-  qu'ils  soient  verifies  tres  "largement",  c'est-a-dire  que  1'on  reste  dans  ieur  application  tou jours  tres  eloigne  des 
limites  de  validite  de  ces  criteres. 


Or  les  possibilites  offertes  par  les  commandes  de  vol  electriques  permettent  aisement  de  remplir  ces 
deux  conditions  j  elies  permettent  de  "simplifier"  le  comportement  de  Favion  vu  du  pilote,  en  masquant  les 
event ue Is  accidents  aerodynamiques  dune  part,  en  decouplant  les  modes  de  comportement  de  I'avion  sur  ses  trois 
axes  cfautre  part.  Elies  permettent,  par  ailleurs,  de  realiser  une  tres  large  gamme  de  reglage  des  parametres 
principaux  de  comportement  de  I'avion,  et  done  de  satisfaire  ces  criteres  au  plus  proche  de  leur  optimum. 

11  n'est  done  pas  etonnant,  dans  ces  conditions,  qu*aucune  difficulte  n'ait  ete  rencontree  en  vol  pour 
verifier  la  validite  des  criteres  utilises  pour  Fetabllssement  des  reglages  du  systeme  des  commandes  de  vol  du 
MIRAGE  2000. 


Encore  fallait-il,  pour  assurer  ce  succes,  que  deux  conditions  soient  remplies  : 

-  un  choix  judicieux  des  criteres, 

-  une  realisation  materielle  des  divers  elements  constitutifs  du  systeme  de  commandes  de  vol  (ilectronique 
cFeiaboration  des  ordres,  servocommandes  electro-hydraulique  de  puissance)  a  la  hauteur  des  ambitions  de  ces 
criteres. 


La  tres  longue  experience  acquise  par  les  AVIONS  MARCEL  DASSAULT  -  BREGUET  AVIATION, 
qui  rappelons-le,  ont  tou  jours  conqu  etproduit  eux-mgmes  les  elements  essentiels  des  systemes  de  commandes  de 
vol  de  ses  propres  avions,  a  bien  aide  a  remplir  ces  deux  conditions.  Cette  experience  s'appuie  sur  une  suite 
continue  de  realisations  (MIRAGES  ID,  MIRAGES  a  decollage  vertical,  MIRAGES  F,  MIRAGES  G  a  geo  me  trie 
variable,  etc...)  dont  les  systemes  de  commandes  de  vol  prefiguraient,  sous  de  multiples  aspects,  le  systeme  de 
commandes  de  vol  strictement  electriques  du  MIRAGE  2000  et  dont  Fexp6r indentation  en  vol  a  permit  de  digager 
un  certain  nombre  de  "rig les  de  Fart"  en  matiere  de  qualites  de  pilotabillte. 


o 

o  o 


dependant,  un  exam«n  detaille  du  schema  fonctionnei  des  commandes  de  voi  du  MIRAGE  2000  de 
aerie,  compare  au  schema  de  ce  qui  volait  en  1978  tur  le  prototype,  montre  des  differences  notables.  Ce  fait  n'est 
pas  en  contradiction  avec  ce  que  nous  venons  cfexposer  t  il  ne  traduit  pas  une  mise  en  cause  des  cri teres  de 
comportement  a  verifier  pour  satisfaire  certains  objectifs  de  pilotabilite,  mais  une  Evolution  de  ces  objectifs. 
souhaitee  par  les  pilotes,  au  fur  et  a  me  sure  de  leur  decouverte  des  possibllites  qu'offraient  les  commandes  de  voi 
electriques.  Et  il  est  bien  certain  que  les  objectifs  atteints  par  les  commandes  de  voi  du  MIRAGE  2000  de  serie 
depassent  tres  largement  ceux  que  nous  nous  etions  fixes  preaiablement  a  tout  essai  en  vol  et  que  nous  avions 
atteints  avec  ie  premier  prototype  du  MIRAGE  2000. 


Cette  evolution  des  objectifs  de  pilotabilite  est  tres  caracteristique  de  la  situation  nouveiie  crele 
par  l'apparition  des  commandes  de  vol  electriques  t  pleinement  satisfaits  des  qualites  de  pilotabilite  (stabilite  de  la 
plateforme,  temps  de  reponse  aux  ordres  de  commande,  "purete"  de  comportement,....)  que  foumissent  de  tels 
systemes  de  commandes  de  vol,  les  pilotes  ont  progressivement  deplace  leurs  exigences  dans  le  sens  tfune 
simplification,  voire  <fune  suppression  complete,  des  consignes  de  pilotage  exigees  par  le  respect  du  domaine 
(femploi  de  Favion.  Et  c'est  ainsi  qu'a  etc  deveiopoe.  dans  les  commandes  de  vol  du  MIRAGE  2000.  un  certain 
nombre  de  fonctions  de  limitations  automatiques  de  plus  en  plus  perfection  nees. 


Cette  evolution  peut  etre  iJlustree  par  deux  exemples  vecus  au  cours  de  la  mise  au  point  des 
commandes  de  vol  du  MIRAGE  2000. 


Le  premier  de  ces  exemples  concerne  le  contrfile  longitudinal  de  l'avion  et  ses  limitations  en 
incidence  et  en  facteur  de  charge. 


Dans  le  choix  des  fonctions  et  des  reglages  de  la  chatne  de  tangage  du  MIRAGE  2000,  un  certain 
nombre  (foptions  avait  ete  jnitiafement  retenu  et  c'est  d'ailleurs  dans  la  configuration  correspondante  que  les 
premiers  vols  furent  effectues.  Parmi  ces  options,  les  deux  principales  etaient  les  suivantes  : 

-  Le  systeme  de  commandes  de  vol  comporterait  un  dispositif  assurant  une  limitation  automatique  des  incidences 
de  Favion  de  fafon  a  supprimer  les  risques  de  perte  de  contrdle  en  manoeuvres.  Il  avait  aiors  ete  admis  qu'un  tel 
dispositif  serait  operatiannellement  tres  interessant,  mime  si  son  efficacite  etait  limitee  aux  configurations  de 
combat  (masse  et  configuration  de  charges  externes)  les  plus  courantes  et  pour  des  vltesses  superieures  a  une 
valeur  de  I'ordre  de  100  kts.  Ceci  supposait  done  que  pour  certaines  configurations  de  combat  et  en  dessous  de 
cette  vitesse,  la  securite  vis-a-vis  des  pertes  de  contr&le  etait  assuree  par  des  consignes  de  pilotage. 

-  Hors  de  la  zone  de  domaine  de  vol  dans  laquelle  Favion  est  limite  par  son  incidence  maximale,  le  facteur  de 
charge  maximum  qu'ii  serait  possible  tfobtenir,  mane  he  en  butee,  serait  compris  entre  le  facteur  de  charge  limite 
et  le  facteur  de  charge  extreme  de  l'avion,  ce  qui  impliquait,  evidemment,  une  consigne  particuliere  de  pilotage. 

C'est  dans  cette  configuration  de  commandes  de  vol  que  les  premiers  vols  de  l'avion  furent 
effectues.  Les  pilotes  furent  tres  satisfaits  de  cette  solution  ....  mais  pas  longtemps. 


De  nouvelles  exigences,  e'est-a-dire  de  nouveaux  objectifs  de  pilotabilite,  furent  aiors  precisees.  Le 
choix  d'lm  reglage  permettant  d’obtenir,  sur  la  butee  du  manche  en  profondeur,  un  facteur  de  charge  super ieur  au 
facteur  de  charge  limite  de  l'avion  fut  tres  vite  critique,  bien  que  ce  choix  ait  ete  retenu  a  la  demande  mime  des 
pilotes  en  vertu  du  principe  de  securite  selon  lequel  il  vaut  mieux  "plier"  un  avion  que  de  per  cuter  le  sol.  La 
critique  portait  essentiellement  sur  la  difficuite  a  respecter  scrupuleusement  les  facteurs  de  charge  limites  de 
l'avion  :  ou  le  pilotage  du  facteur  de  charge  en  manoeuvre  etait  reiativement  "Iftche”  et,  dans  ces  conditions,  de 
nombreux  depassements  du  facteur  de  charge  limite  pouvaient  itre  observes  avec  toutes  les  consequences  que  ces 
depassements  peuvent  avoir  sur  la  fatigue  de  la  structure  et  du  pilote,  ou  le  pilotage  du  facteur  de  charge,  pour 
eviter  ces  depassements,  etait  un  pilotage  "serre"  et,  dans  ces  conditions,  la  charge  de  travail  du  pilote  etait 
augmentee  ainsi  d'ailleurs  que  les  temps  de  reponse  effectifs  de  l'ensemble  avion  +  pilote.  Pour  satisfaire  le 
principe  de  securite  precedemment  decrit  et  le  souhait  cfavoir  une  limitation  automatique  du  facteur  de  charge  de 
Favion  a  la  valeur  limite  de  la  structure,  nous  avons  adopte  un  systeme  de  restitution  (fefforts  a  double  butee  t  une 
butee  elastique  sur  laquelle  le  facteur  limite  est  obtenu  j  une  butee  mccanique  permettant  (fobtenir  un  facteur  de 
charge  compris  entre  le  facteur  de  charge  limite  et  le  facteur  de  charge  extreme  de  Favion. 


Pour  un  certain  nombre  de  configurations  de  charges  externes  tres  lourdes,  le  facteur  de  charge 
limite  de  Favion  est  reduit.  Initialement,  il  avait  ete  prevu  que  le  respect  de  cette  limitation  serait  realise  par 
simple  consigne  de  pilotage.  La  encore,  une  evolution  tres  nette  des  souhaits  des  pilotes  se  fit  jour  au  fur  et  a 
me  sure  de  1'experimentation  en  vol  de  l'avion  et  aboutit  8  Fadoption  (Tune  commutation,  a  la  disposition  du  pilote, 
lui  permettant  de  choisir,  selon  la  configuration  de  son  avion,  la  valeur  du  facteur  de  charge  limite 
automatique  ment  re  spec  te  par  le  systeme  des  commandes  de  vol  pour  un  ordre  du  pilote  correspondent  a  la  but4e 
elastique  du  manche. 


\ 
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Le  dispositif  dc  limitation  automatique  de  I'incidence,  principale  cle  de  la  protection  de  1'avion 
vis-a-vis  des  pertes  de  contrdle,  subit  de  mime  urv  certain  nombre  devolutions  allant  tootes  dans  le  sens  dune 
diminution  des  contraintes  de  pilotage.  Le  premier  souhait  des  pilotes  fut  que  toutes  les  configurations  de  combat 
de  Favion  soient  couvertes  par  ce  dispositif.  Le  second,  que  la  protection  vis-i-vis  de  la  perte  de  contrdle,  pour  ces 
configurations,  soit  etendue  jusqu'a  la  vitesse  nulle.  Ce  qui  fut  fait  mals  au  prix,  on  le  conqoit,  <fune  complexite 
accrue  du  dispositif. 


Le  second  exemple  concerne,  cette  fois-ci,  le  contrdle  transversal  de  1'avion.  La  protection  vis-a-vis 
(feventuelles  pertes  de  contrdle  depend,  nous  1'avons  vu,  de  la  qualite  du  dispositif  de  limitation  automatique 
<f incidence  |  elle  depend  aussi  de  la  qualite  du  contrdle  transversal  de  I'avlon  au  cours  de  manoeuvres  a  grande 
incidence.  Cette  qualite  est  obtenue  par  une  adaptation  soignee  des  chalnes  de  rouiis  et  de  lacet  du  systeme  de 
commandes  vol.  Cette  adaptation,  realisee  dans  Fhypothese  <Fun  contrdle  transversal  de  1'avion  au  gauchlssement 
seuL  peut  fctre  mis  en  defaut,  dans  certaines  conditions  particulieres,  si  le  pilote  pour  ces  manoeuvres  veut  Voider" 
du  pied.  La  consigne  de  pilotage,  qui  en  resulte,  de  limiter  les  ordres  au  palonnier  dans  ce  genre  de  manoeuvres,  fut 
tres  rapidement  critiquee  par  les  pilotes  et  tout  un  jeu  de  modifications  de  la  chatne  transversale  fut  applique  pour 
qiFen  aucun  cas  une  manoeuvre  intempestive  du  palonnier  ne  puisse  mettre  en  defaut  le  contrdle  transversal  de 
Favion  a  grande  incidence. 


Et  c'est  ainsi  que  le  MIRAGE  2000  est  devenu  un  avion  pour  lequel  les  consignes  restrictive*  de 
pilotage  ont  pratiquement  completement  disparu  :  quelles  que  soient  les  manoeuvres  du  pilote  sur  ses  commandes, 
la  protection  de  la  structure,  ainsi  que  la  protection  de  Favion  vis-a-vis  des  pertes  de  contrdle  sont 
automatiquement  assurees  et  ce,  jusqu'a  vitesse  nulle. 


o 


o  o 


Nous  avons  cite  ces  quelques  exemples,  vecus  au  cours  de  la  mise  au  point  du  systeme  de  commandes 
de  vol  du  MIRAGE  2000,  pour  souligner  revolution  des  normes  de  jugement  de  qualites  de  vol  qui  semblent 
aujourxFhui  se  dessiner  avec  1'apparition  tfavions  equipes  de  systemes  de  commandes  de  vol  electriques. 

De  tels  systemes  de  commandes  de  vol  permettent,  sans  trop  de  difficulte,  de  "modeler"  le 
comportement  pilote  de  Favion  de  fa;on  tres  souple  et  tres  efficace  et  de  realiser  ainsi  une  optimisation,  aussi 
poussee  qu'on  le  souhaite,  des  qualites  de  vol  de  Favion  au  sens  classi^ue  du  terme.  C'est  ce  resultat  qui  conduit  les 
pilotes  a  deplacer  leurs  exigences :  pleinement  satisfaits  des  qualites  de  vol  que  le  systeme  de  commandes  de  vol 
electriques  conlere  a  Favion  dans  son  domaine  normal  d*utilisation,  Us  souhaitent  que  ce  systeme  les  aident  a 
respecter  les  limites  de  ce  domaine.  Ce  souhait  est  cFailleurs  d*autant  plus  justifie  que,  au  moins  dans  un  certain 
nombre  de  cas,  la  purete  de  comportement  de  Favion,  assuree  par  les  commandes  de  vol  electriques,  ne  permet  plus 
au  pilote  <Favoir  une  perception  instinctive  de  Fapproche  des  limites  de  Favion  (limite  en  incidence  en  particulier). 

La  forme  la  plus  perfectionnee  de  cette  aide  consiste  a  introduire  des  fonctions  de  limitation 
automatique  dans  le  systeme  de  commandes  de  vol,  et  c'est  en  definitive  bien  plus  la  nature  et  la  qualite  de  ces 
fonctions  que  la  qualite  du  comportement  general  de  Favion  (que  I'on  sait  de  toute  fagon  rendre  exceUente)  qui 
constituent  les  elements  primordiaux  de  jugement  de  bonnes  qualites  de  vol  (Fun  avion  a  commandes  de  vol 
electriques. 
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SUMMARY 

The  application  of  Active  Control  Technology  concepts  and  in  particular  the  relaxed-static- 
stability  principle  applied  to  future  transport  aircraft  will  lead  to  the  introduction  of  closed-loop 
primary  flight  control  systems.  Adequate  handling  quality  criteria  applicable  to  system  design  as  well  as 
to  airworthiness  rule-making  are  required. 

Flight  simulation  and  in-flight  simulation  using  mathematical  models  of  aircraft  with  rate- 
command/attitude-hold  primary  flight  control  systems  have  been  performed  for  the  approach  and  landing 
flight  phase  in  order  to  generate  data  for  criteria  development.  Configurations  featuring  in  addition 
blended  direct-lift  control  have  been  evaluated  as  well.  Based  primarily  on  pilot  ratings  and  commentary, 
boundaries  between  "satisfactory"  and  "acceptable"  handling  qualities  (Cooper-Harper  rating  3.5)  have  been 
established  for  a  number  of  criterion  formats.  While  several  criteria  related  to  aircraft  response  are 
discussed  for  pitch  and  roll  control,  pilot-in-the-loop  criteria  are  proposed  for  high-precision  pitch 
attitude  and  altitude  control  tasks  especially. 


1.  INTRODUCTION 

Systematic  correlation  of  pilots'  opinions  on  the  aircraft's  flying  qualities  with  measured 
airplane  stability  and  control  characteristics  was  started  around  1930(Ref.  l).  Somewhat  more  than  ten 
years  later,  the  first  specification  for  flying  qualities  based  on  a  series  of  flight  tests  of  current 
airplane  designs  was  published  by  NACA  (Ref.  2).  This  document  formed  the  basis  for  the  first  (US) 

Military  Specification  with  generalized  criteria  issued  in  19^3  (Ref.  3).  This  specification  has  evolved 
into  the  present  status,  the  MIL-F-8705  C  (Ref.  b).  ’"’■*«  specification  is  basically  applicable  to  aircraft 
with  mechanical  primary  flight  control  systems  witho,  with  "augmentation"  (e.g.  rate  damping). 

With  the  introduction  of  closed-loop  fligh  .ontrol  systems  with  non-mechanical  signal  trans¬ 
mission  in  aircraft,  the  flying  qualities  will  be  determined  to  a  high  degree  by  the  characteristics  of 
this  system.  Unfortunately,  the  establishment  of  handling  quality  criteria  for  aircraft  equipped  with  such 
systems  is  significantly  lagging  behind  the  development  of  flight  control  system  technology.  Such  criteria 
are  needed  as  guidelines  for  adequate  system  design. 

Most  flight  experience  with  closed-loop  flight  control  systems  in  transport  aircraft  accumulated 
until  now  is  derived  from  a  limited  number  of  ad-hoc  type  experiments  performed  with  modified  production 
aircraft  and  in-flight  simulators.  The  numbe-  of  reported  research  programs  aimed  at  the  development  of 
generalized  handling  quality  criteria  of  this  category  aircraft  is  disappointingly  low.  Hie  theme  of  the 
present  symposium  states  correctly  that  the  most  suitable  format  of  criteria  for  handling  qualities  of 
piloted  aircraft  depends  on  the  type  of  contr  1  system  used  in  the  aircraft.  It  may  be  assumed  that  in 
many  cases  the  properties  of  these  systems  in  future  transport  aircraft  will  lead  in  principle  to  the 
elimination  of  the  attitude  and  airspeed  stabilization  function  as  part  of  the  task  of  the  pilot.  In  that 
situation  the  remaining  control  functions  to  be  performed  by  the  pilot  will  be  the  establishment  of 
equilibrium  states  and  maneuvering. 

A  flight  control  system  based  on  rate-command/'attitude-hold  for  pitch,  roll  and  yaw  in  combi  j.- 
tion  with  an  auto-throttle  system  for  airspeed-hold  is  a  logical  follow-up  of  the  Combination  of  the  Control 
Wheel  Steering  (CWS)  autopilot  mode  and  an  auto-throttle  of  the  more  advanced  contemporary  transports. 

If  part  of  the  existing  handling  qualities  criteria  are  to  remain  useful  for  aircraft  fitted  with  the 
above  indicated  systems  it  is  quite  reasonable  to  expect  that  the  elimination  of  attitude  and  airspeed 
stabilization  from  the  piloting  task  will  influence  at  least  the  limits/boundaries  of  the  parameters  used 
in  existing  maneuvering  criteria.  That  in  addition  new  criteria  will  be  needed  is  easily  understood.  It  is 
hypothesized  that  intermittant  control,  with  relatively  long  periods  without  any  pilot  commands  leads  in 
general  to  a  more  relaxed  type  of  controlling  by  the  pilot.  This  will  lead  to  a  rather  critical  attitude 
of  the  pilot  towards  the  response  of  motion  variables  to  manipulator  deflections.  The  response  is  more 
clearly  observable  in  the  aircraft  types  under  consideration  here  in  comparison  to  contemporary  aircraft 
which  have  a  more  pronounced  response  to  atmospheric  turbulence. 

Moreover,  the  pilot  is  aware  of  the  behaviour  of  the  automatic  system  at  the  termination  of  an 
input.  For  pitch  control  this  means  that  "nod-back"  at  the  termination  of  pitch  commands  should  be  within 
bounds.  For  roll  control  the  behaviour  of  the  wings-leveller,  a  system  function  indispensable  for  a  roll- 
rate-command/bank-angle-hold  system,  must  be  satisfactory. 

It  would  be  very  useful  if  the  pilot/aircraft  closed-loop  control  structure  could  be  analysed 
using  mathematical  models  for  both  the  aircraft  and  the  pilot.  Although  models  for  the  aircraft  dynamics 
are  well-known  and  well-established,  models  describing  the  control  behaviour  of  the  pilot  are  still  a 
subject  of  continuing  research.  For  a  mathematical  model  describing  the  control  behaviour  of  the  human 
pilot  to  be  useful  in  handling  qualities  research,  a  quantitative  and  absolute  "pilot  opinion  metric" 
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associated  with  the  model  is  a  requirement.  Such  a  model  is  at  present  not  available  for  the  airframe/ 
flight  control  system  combination  and  non-stat ionary  flight  phase  (flare  and  landing'  under  consideration 
here.  Therefore  the  experimental  approach  was  selected  to  study  the  pilot/aircraft  combination. 

It  is  considered  of  importance  for  the  heal »n>  future  development  of  transport  aircraft  to  give 
serious  thought  to  the  lessons  learned  in  the  recent  past  concerning  the  introduction  of  modern  ":ly-by- 
wire"  technology  into  today's  fig*1*  .  aircraft.  It  is  observed  that  despite  the  application  of  sop-  isticated 
design  methodology  these  new  aircraft  continue  to  suffer  from  basic  flying  qualities  deficiencies  I'efs.  5,  6). 
Two  of  the  main  points  of  these  lessons  as  formulated  in  reference  5  are  considered  of  special  impor  ance. 

One  is  that  in  order  to  achieve  the  potential  of  "full -authority  augmentation  systems",  a  "logical  fly. 'g 
qualities  development  process  must  be  created  which  includes  sound  technical  communication  among  manager... 
engineers  and  test  pilots".  The  other  one  is  that,  "complexity  should  be  sacrificed  for  simplicity  every 
time". 

In  conclusion  of  this  introductory  chapter  a  survey  is  given  of  the  main  programs  performed  in 
The  Netherlands  by  the  National  Aerospace  Laboratory  (NLR)  during  the  last  10  years. 

The  NLR  activities  in  the  general  area  of  closed-loop  flight  control  systems  started  in  1972 
with  a  flight  test  program  using  an  aircraft  equipped  with  a  pitch-rate-command/attitude-hold  flight  control 
system  in  combination  with  a  side-stick  controller  during  two-segment  noise  abatement  approaches,  reference  7. 
This  was  followed  in  1971*  by  a  flight  simulation  program  directed  at  the  determination  of  generalized 
longitudinal  maneuvering  criteria  for  the  landing  approach  and  touchdown  flight  phase  (RefB.  8  and  9). 

Flight  tests  on  stick  force  stability  as  a  cue  for  manual  airspeed  regulation  during  approach  in 
aircraft  with  primary  flight  control  systems  featuring  pitch  attitude-hold,  was  performed  in  1975  and  1976 
(Refs.  10,  11,  12)  using  the  NLR-owned  Beechcraft  Model  80  and  the  Fokker  F-28  prototype. 

Flight  simulator  programs  directed  at  the  development  of  longitudinal  (Ref.  13)  and  lateral- 
directional  (Ref.  1U)  maneuvering  criteria  have  been  performed  in  1978  and  1979  using  the  flight  simulator 
of  the  NLR. 

Selected  configurations  from  the  above-mentioned  programs  were  evaluated  again  in  flight  using 
the  USAF/Calspan  Total  In-Flight  Simulator  (TIFS)  during  the  end  of  1980  and  the  beginning  of  1901, 
reference  15. 

The  emphasis  of  the  underlying  paper  is  on  handling  quality  criteria  related  to  changing  the 
aircraft  attitude  and  the  direction  of  the  velocity  vector  during  the  approach  and  landing  based  on  experi¬ 
ments  in  the  1978  -  1981  time  period. 


2.  CLOSED-LOOP  FLIGHT  CONTROL  SYSTEMS 
2,1  Documented  experience 

On  the  basis  of  the  predicted  trend  in  fuel  prices  it  is  to  be  expected  that  future  transport 
designs  will  incorporate  full-time  stability  augmentation  in  order  to  exploit  the  gains  obtainable  from 
the  so-called  relaxed-static-stability  concept  (Ref.  16). 

Another  development  towards  the  improvement  of  overall  aircraft  performance  will  be  the  accep¬ 
tance  of  the  "all-electric  aircraft"  concept  which  means  that  all  engine  loads,  normally  associated  with  the 
bleed,  pneumatic  and  hydraulic  systems  are  transferred  over  to  the  electric  power  generation  system, 

(Refs.  16,  1?  and  18). 

These  developments  will  form  the  powerful  drivers  towards  the  introduction  of  closed-loop  flight  control 
systems  with  non-mechanical  signal  transmission  in  transport  i. ire raft .  In  this  section  documented  flight 
and  flight  simulation  experience  with  closed-loop  flight  control  systems  will  be  reviewed. 

Observations  will  first  be  made  with  respect  to  two  categories  of  longitudinal  flight  control 

systems : 

I:  Closed-loop  flight  control  systems  which  use  the  horizontal  tail  as  the  only  aerodynamic  control  surface. 

II:  Systems  as  mentioned  under  I,  which  in  addition  enhance  the  maneuverability  by  using  lift -modulating 
aerodynamic  surfaces  on  the  wing. 

The  observations  are  restricted  to  programs  before  1978,  reported  in  the  open  literature,  in 
which  actual  landings  were  carried  out. 

Sub  I:  Closed-loop  flight  control  systems  (Refs.  9  and  19  through  26) 

Systems  based  on  pitch  rate  as  the  primary  controlled  aircraft  motion  variable  have  been  favourably 
commented  upon;  this  holds  for  flight  test  as  well  as  flight  simulator  results.  An  attitude-hold 
feature,  when  available  was  appreciated. 

A  system  based  on  normal  acceleration  as  the  primary  controlled  motion  variable  evaluated 
in  approach  and  landing  (Ref.  23)  was  not  well  received  by  the  participating  pilots. 

Sub  II:  Closed-loop  flight  control  systems  with  maneuver  enhancement  (Refs.  9,  19  and  27  through  29) 

In  the  tests  considered,  maneuver  enhancement  resulted  in: 

-  smaller  pitch  attitude  variations  during  approach  path  following, 

-  more  precise  ILS-glide  path  tracking, 

-  suppression  of  "initial  acceleration  reversal"  at  the  center  of  gravity, 

-  better  touchdown  position  accuracy  during  flight  tests;  based  on  subjective  observation  (Refs.  28,  29), 

-  improved  control  of  sink  rate  at  touchdown  during  flight  simulation  tests  based  on  objective 
measurement  (Ref.  9). 

There  are  indications  that  maneuver  enhancement  can  be  used  to  either  improve  the  touchdown  position 
accuracy  or  to  improve  the  control  of  sink  rate  at  touchdown. 


With  respect  to  lateral  flight  control  systems  the  following  observation  is  in  order.  Once  an 
aircraft  has  a  pitch- rat e-command /attitude-hold  flight  control  system  a  roll  control  system  with  similar 
characteristics  should  be  installed  for  reasons  of  control  harmony  and  aircraft  stabilization.  Therefore  a 
roll -rat e-comman d/bank -angle-hold  system  is  the  logical  choice. 

Concerning  the  documented  experience  with  respect  to  an  appropriate  type  of  pilot's  controller 
for  closed-loop  flight  control  systems  the  following  is  remarked. 

Transport  aircraft  with  closed-loop  flight  control  systems  and  non -mechanical  signal  transmission  will  most 
probably  be  equipped  with  a  moving  type  side  stick  controller.  In  a  number  of  the  above-mentioned 
experimental  programs  such  a  manipulator  has  been  used  (Refs.  9*  21,  23).  Without  exception  favourable 
opinions  were  reported  in  these  programs  concerning  this  type  of  controller  in  the  context  of  the 
evaluations  performed. 

2.2  Selection  of  flight  control  systems  for  the  experiments 

Based  on  the  observations  discussed  in  section  2.1  the  form  of  rate-conmand/attitude-hold  has 
been  selected  for  experiments  by  NLR,  the  results  of  which  will  be  discussed  in  this  paper.  In  addition  it 
is  mentioned  here  that  this  principle  is  well-suited  for  aircraft  in  which  artificial  longitudinal  stability 
has  taken  the  place  of  inherent  airframe  stability  (relaxed-static -stability ) . 

Low-speed  handling  flight  simulator  research  performed  recently  as  part  of  NASA's  Supersonic  Cruise  Research 
program  (statically  unstable  c( .  ^eptual  aircraft)  indicates  the  use  of  similar  concepts,  see  references  30 
and  31 . 

It  was  decided  to  use  manual  airspeed  control  in  the  piloted  evaluations.  This  decision  was  based  on: 

-  The  experience  with  respect  to  the  combination  of  a  pitch-rate-command/attitu de-hold  flight  control 
system  with  manual  throttle  on  the  approach  during  flight  test  programs  (Ref.  12) 

-  The  desire  to  minimize  the  number  of  automatic  ( sub- )systems  required  during  normal  operation  as  a  design 
philosophy. 

For  the  ground-based  simulations  (Refs.  13.  lU)  the  mathematical  model  of  an  existing  medium- 
weight  t  -in-engined  jet  transport  aircraft  was  adopted.  The  combination  of  horizontal  tail  area  and  the 
center  of  gravity  location  were  chosen  in  such  a  way  that  a  static  margin  of  zero  resulted  (the  horizontal 
tail  area  was  reduced  by  Uo  %) .  This  mathematical  model  is  called  Baseline  aircraft  A.  Starting  from  this 
model  an  aircraft  with  a  40  %  higher  gross  weight  has  been  defined,  called  Baseline  aircraft  B.  The  latter 
model  was  used  in  relation  to  criteria  development  for  maneuver  enhancement  through  the  application  of 
(blended)  direct-lift  control. 

For  both  models  a  primary  flight  control  system  was  developed  in  such  a  way  that  the  dynamics  of 
the  aircraft  plus  flight  control  system  were  selectable  by  changing  a  limited  number  of  gains  and  time 
constants  in  the  mathematical  model  of  the  flight  control  syst.nm. 

A  functional  block  diagram  of  the  longitudinal  flight  control  system  is  presented  in  figure  1. 
The  lateral -directional  flight  control  system  is  presented  in  figure  2.  In  references  13  and  lU  the 
rationale  for  the  flight  control  system  lay-out  and  the  choice  of  flight  control  system  parameters  are 
discussed  in  detail. 

Next  the  main  characteristics  of  the  flight  control  systems  are  described;  the  way  in  which  the 
dynamics  of  the  responses  to  manipulator  deflections  have  been  varied  is  indicated  as  well. 


LONGITUDINAL  SYSTEM 

The  closed-loop  formed  by  the  aircraft  and  the  feedbacks  of  pitch  rate  and  pitch  angle  functions 
as  a  pitch  angle  stabilizer  ("attitude-hold").  Commands  generated  through  manipulator  deflections  and  passed 
through  a  low-pass  filter  and  through  an  element  (prefilter)  which  consists  of  a  proportional  and  an  integral 
part  drive  the  closed-loop  ("rate-command").  For  Baseline  aircraft  B  the  commands  were  also  passed  through 
a  low-pass  filter  and  a  wash-out  filter  in  order  to  deflect  aerodynamic  surfaces  on  the  wing  for  direct- 
lift  generation. 

The  longitudinal  short -period  frequency  was  varied  in  the  program  through  variation  of  the  gain 
of  the  pitch  attitude  and  pitch  rate  feedbacks. 

The  pitch  rate  overshoot  after  a  step  command  input  was  varied  in  the  program  through  variation 
of  the  relative  gains  of  the  proportional  and  the  integral  parts  of  the  prefilter  (prefilter  time  constant). 

The  level  of  maneuver  enhancement  was  varied  in  the  program  through  variation  of  the  gain  ir.  the 
path  between  the  manipulator  and  the  direct-lift  aerodynamic  surfaces. 

In  addition  the  longitudinal  flight  control  system  features: 

-  Two-gradient  force-versus  pitch-re.te-command  relationship, 

-  Bank  compensation. 


LATERAL-DIRECTIONAL  SYSTEM 

The  closed-loop  formed  by  the  aircraft  and  feedbacks  of  roll  rate  and  bank  angle  functions  as  a 
bank  angle  stabilizer  ("attitude-hold").  Commands  generated  through  manipulator  deflections  and  passed 
through  a  lead/lag  filter  drive  the  closed-loop  formed  by  the  aircraft  with  roll  rate  feedback  while  the 
bank  angle  feedback  is  disabled  through  logic  ("rate-command"). 
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Fig.  1  Block  diagram  of  the  longitudinal  flight  control  system. 


Fig.  2  Block  dlagraa  of  the  lateral-directional  flight  control  system. 


The  roll  mode  time  constant  was  varied  in  the  program  through  variation  of  the  lag  time  constant 
of  t.he  lead/lag  filter. 

A  pure  time  delay  in  the  roll  command  path  was  varied  in  the  program  by  delaying  the  command 
signal  a  number  of  computational  steps. 

In  addition  the  lateral  directional  flight  control  system  featured: 

-  Three- grad lent  force  versus  roll -rate  command  relationship, 

-  Wings-leveller ,  active  for  bank  angles  between  plus  or  minus  3  degrees, 

-  Yaw- rate  feedback  to  increase  Dutch  Roll  damping, 

-  Tum-co-ordinator. 


3.  EXPERIMENT  MECHANIZATION 

3.1  Ground-based  simulation  facility 

The  ground-based  flight  simulator  used  for  the  experiments  is  developed  and  operated  by  the 
National  Aerospace  Laboratory  NLR  (Pig.  3).  At  the  time  of  the  experiments  the  equipment  included  a  computer 
installation,  a  single  seat  cockpit  with  pilot's  controllers,  flight  instruments,  a  visual  system  and  a 
motion  system. 
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Cockpit,  notion  bake  and  vlaual  display  aystea  of  the  MLR 

flight  alaulator. 


The  instrument  panel  is  based  on  the  conventional  lay-out  for  civil  aircraft.  The  pilot's 
primary  instruments  are  elements  of  an  Integrated  Instrument  System  with  an  Attitude  Director  Indicator 
above  a  Horizontal  Situation  Indicator.  The  pilot's  primary  (hand)  controller  was  an  in-house  developed 
deflection-type  side-stick  controller.  The  rudder  pedal  forces  are  generated  through  a  control  loading 
system.  The  (left-hand)  throttle  was  of  the  type  used  in  fighters. 

The  visual  system  consists  of  a  terrain  model  viewed  through  a  closed-circuit  color  television 
system.  The  visual  scene  presented  to  the  pilot  is  collimated  to  provide  images  at  infinity.  The  field  of 
view  is  1»3  degrees  in  the  horizontal  plane  and  16  degrees  in  the  vertical  plane. 

The  motion  system  has  four  degrees  of  freedom  corresponding  to  the  following  aircraft  motions: 
heave,  pitch,  roll  and  yaw.  Due  to  the  hydrostatic  bearings  in  the  jacks  the  acceleration  noise  level  and 
the  threshold  value  of  the  accelerations  are  kept  very  low.  High-pass  filters  for  simulation  of  rotational 
accelerations  and  low-pass  filters  for  simulation  of  specific  forces  (through  tilt-angles)  are  used. 

3.2  In-flight  simulation  facility 

The  USAF/Calspan  Total  In-Flight  Simulator  (TIFS)  was  used  as  the  test  vehicle  in  the  in-flight 
validation  experiment.  A  description  of  the  capabilities  of  this  in-flight  simulator  is  given  in  reference 
32.  TIFS  is  a  highly  modified  C-131H  (Convair  580)  configured  as  a  six  degree-of -freedom  simulator  (Fig.  U). 


rig.  4  USAF-AFWAL/Cal span  Total  In-Flight  Simulator  (TIPS) 

Computer  driven  direct-lift  flaps,  side  force  surfaces  and  throttles  have  been  added  to  yield  direct  force 
capability.  Moment  control  is  through  the  elevator,  ailerons  and  rudder.  It  has  a  separate  evaluation  cockpit 
forward  and  below  the  normal  cockpit.  When  flown  from  the  evaluation  cockpit  in  the  simulation  mode,  the  pilot 
control  commands  are  fed  as  inputs  to  the  model  hybrid  computer  which  calculates  the  aircraft  response  to  be 
reproduced.  These  responses,  along  with  TIFS  motion  sensor  signals,  are  used  to  generate  feedforward  and 
response  error  signals  which  drive  the  six  controllers  on  the  TIFS.  The  result  is  a  high-fidelity  reproduction 
of  the  motion  and  visual  cues  at  the  pilot’s  position  of  the  model  aircraft. 
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For  this  experiment,  the  evaluation  cockpit  was  set  up  similar  to  that  in  the  HLH  ground-based 
simulator.  This  included  the  same  side-stick  controller  vhicb  vas  used  in  the  ground  simulations.  The 
cockpit  side  windows  were  masked  to  duplicate  the  peripheral  visibility  from  a  typical  transport  aircraft. 
The  forward  field  of  view  was  larger  than  normally  encountered  in  transport  aircraft,  especially  in 
downward  direction.  For  attitude  reference  a  mark  was  put  on  the  front  screen. 


3.3  Dynamics  of  the  configurations 

In  the  ground-based  investigation  the  characteristics  of  the  pitch  and  roll  control  systems  have 
been  varied  in  order  to  generate  experimental  configurations  with  varying  flying  qualities.  One  configuration 
having  good  pitch  and  roll  flying  qualities  was  selected  as  the  base  configuration  and  changes  in  the 
characteristics  with  respect  to  this  base  configuration  have  been  investigated.  A  limited  number  of 
descriptors  is  used  to  characterize  the  configurations  as  indicated  in  table  1 .  For  the  longitudinal 
dynamics  the  values  of  the  "equivalent  system"  parameters  are  used.  The  "equivalent  system"  iB  the  best 
frequency  domain  fit  of  a  system  with  transfer  function 
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to  the  actual  high-order  transfer  function.  Also  the  values  of  the  normal  acceleration  sensitivity  parameter 
n  (normal  load  factor  change  per  unit  change  of  angle  of  attack)  and  of  the  level  of  the  maneuver 
enhancement  with  respect  to  the  maximum  level  (KpLc/^LC  ^  are  Presente<^  in  table  1.  Hie  time  constant  of 

max 


the  wash-out  filter  has  been  kept  constant  at  5  s. 

For  the  roll  dynamics  the  equivalent  roll  mode  time  constant  and  the  equivalent  time  delay  T_ 
presented.  These  parameters  are  defined  using  the  roll  rate  response  to  a  step-type  roll  command 
indicated  in  figure  5. 
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t'r  *  EQUIVALENT  ROLL  MODE  TIME  CONSTANT 
Tp  *  EQUIVALENT  time  delay 

Fig.  9  Definition  of  equivalent  roll  mode  time  constant 
and  equivalent  time  delay,  using  the  roll  rate 
response  to  a  step-type  control  Input. 


As  can  be  observed  in  table  1  five  types  of  variations  have  been  realized. 

A  selection  was  made  from  these  configurations  to  be  validated  in  the  in-flight  investigation. 
The  base-line  configuration  and  one  configuration  out  of  every  group  was  selected.  The  7  configurations 
selected  for  in-flight  validation  will  be  characterized  by  the  acronyms  used  in  the  grc und-based 
investigation: 


E-5/T-1: 
E-1  : 

F-1  : 

G-1  : 

G-3  : 

T-U  : 

T-7  : 


base  configuration  (pitch  and  roll) 
low  longitudinal  short-period  frequency 
large  pitch  rate  overshoot 
low  n  ;  no  DLC 
low  n“  +  DLC 

large  roll  mode  time  constant 
roll  command  time  delay 


The  dynamics  of  the  computer  models  used  ground-based  and  in-flight  were  identical,  as  was  verified  by 
comparing  responses  to  step-type  control  inputs.  Assuming  no  difference  in  instrument  dynamics  ground-based 
and  in-flight,  the  configuration  dynamics  as  observed  during  flight  on  instruments  were  identical. 

The  visual  system  used  in  the  ground-based  investigation  and  the  model -following  system  in  the  in-flight 
investigation  introduced  additional  dynamics  such  that  in  some  respects  the  information  as  obtained  from 
the  outside  visual  scene  differed  between  ground-based  and  in-flight  investigations.  This  difference  will 
be  taken  into  account  when  analyzing  the  results. 


3.1*  Experiment  design 

The  piloting  task  consisted  of  performing  approaches  in  IMC  conditions,  using  only  raw  ILS 
information  for  guidance  followed  by  a  VMC  segment  below  91  m  (300  ft)  terminated  by  a  landing.  Offsets  in 
the  glide  path  and  localizer  indications  were  removed  at  certain  points  during  the  approach,  thus  forcing 
the  pilots  to  maneuver  the  aircraft,  thereby  facilitating  their  evaluation  of  the  configuration's  handling 
qualities. 


In  both  ground-based  and  in-flight  investigations  one  configuration  was  evaluated  per  session 
in  which  three  to  five  approaches  and  landings  were  carried  out.  Ample  time  was  devoted  to  familiarisation. 

In  both  types  of  investigations  three  pilots  have  evaluated  all  configurations. 

In  the  ground-based  investigation  the  environmental  conditions  consisted  of  wind  shear  and  light 
to  moderate  turbulence  with  mean  wind  at  runway  level  in  runway  direction  for  the  longitudinal  investigations 
and  15  kts  crosswind  in  the  lateral -direct ional  investigations.  In  the  in-flight  investigation  the  existing 
natural  crosswinds  were  cancelled  for  the  longitudinal  configurations  and  for  the  lateral -directional 
evaluation  flights  cross-winds  of  10  to  15  kts  were  simulated.  Natural  turbulence  was  used  to  disturb  the 
model  and  where  necessary  artificially  generated  turbulence  was  introduced  into  the  model. 

Each  pilot  received  a  written  briefing  guide  and  rating  information.  Before  flying  they  were 
verbally  briefed  on  basic  experiment  purposes  and  simulation  procedures.  In  all  experiments  the  pilots  have 
evaluated  all  configuration  in  a  randomized  order.  To  minimize  carry-over  effects  (usage  of  experience 
obtained  in  one  configuration  during  the  next),  averaged  results  of  the  three  pilots  have  been  analyzed. 


U.  CRITERIA  FOR  LONGITUDINAL  MANEUVERING 


U.1  Results  of  experiments 

Three  groups  of  configurations  (E,  F  and  G)  are  discussed.  The  Cooper-Harper  ratings  given  for 
the  configurations  with  varying  short-period  frequency  are  presented  in  figure  6.  In  this  figure  the  results 
for  the  in-flight  configuration  E-1  is  compared  to  the  result  for  the  ground-based  configuration  E-2  for 
reasons  explained  later. 
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Fig.  6  Cooper-Harper  ratings  for 

the  configurations  with  different 
short -period  frequency. 


The  degradation  of  handling  qualities  with  decreasing  value  of  the  short-period  frequency  is 
clearly  indicated  both  ground-based  and  in-flight.  Configuration  E-S  was  rated  3-**  on  the  Cooper-Harper 
scale  in  the  flight  evaluations  while  ratings  of  2-3  were  obtained  during  the  evaluations  on  the  ground. 
According  to  pilot  commentary  obtained  in  flight,  a  relative  high  level  of  attention  was  required  for  air¬ 
speed  control  in  the  in-flight  simulator.  Two  pilots  stated  that  for  this  reason  they  rated  the  configu-ation 
in  the  unsatisfactory  region.  They  stated  that  when  the  speed  regulation  task  would  be  eliminated  they  would 
certainly  end  up  in  the  satisfactory  region  (Cooper-Harper  ratings  of  2  and  3  were  mentioned). 

The  Cooper— Harper  ratings  given  for  the  configurations  with  varying  pitch  rate  overshoot  after 
a  step  command  input  are  presented  in  figure  7. 

The  result  for  the  in-flight  configuration  F-1  is  not  directly  comparable  to  the  result  for  the 
ground-based  configuration  F-1  for  reasons  explained  later.  In  figure  7  an  additional"?- 1 /flight"  has  been 
introduced  for  a  value  of  somewhat  higher  than  the  value  existing  in  the  ground-based  experiment.  The 

result  obtained  in  flight  is  in  concurrence  with  the  trend  indicated  by  the  ground-based  results. 

The  Cooper-Harper  ratings  given  for  the  configurations  with  varying  degree  of  maneuver  enhancement 
are  presented  in  figure  8.  The  rating  for  configuration  G-1  for  pilot  D  is  considered  an  outlier  and  is  not 
considered  further  (see  reference  15).  For  configuration  G-3  the  mean  of  the  ratings  in  flight  was  higher 
than  the  mean  of  the  ratings  on  the  ground.  Two  of  the  pilots  in  the  in-flight  evaluation  complained 
explicitely  about  disturbing  heave  motion  associated  with  stick  motions.  This  was  their  prime  reason  not  to 
rate  the  configuration  better.  Non-intent ional  amplification  of  the  high-frequency  content  for  the  normal 
acceleration  at  the  pilot  seat  of  the  model  output  by  the  model  following  system  has  been  established.  No 
proper  judgement  of  this  configuration  is  possible  therefore.  It  is  of  interest  to  mention  that  the  in¬ 
flight  measured  vertical  speed  at  touchdown  reduced  substantially  through  addition  of  maneuver  enhancement 
from  a  mean  value  of  0.7  m/s  for  configuration  G-1  to  0.3  m/s  for  configuration  G-3. 

Remarks  concerning  the  dynamics  of  the  visual  system  of  the  flight  simulator  in  relation  to  the 
dynamics  of  the  model-following  system  of  the  in-flight  simulator  are  in  order  here. 

In  the  above  presented  comparison  for  the  E-  and  F-configurations  the  slight  differences  due  to 
the  different  additional  dynamics  of  the  visual  system  and  model-following  system  have  been  taken  into 
account,  thus  emphasizing  the  comparison  for  the  visual  flight  phase. 
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Fig.  7  Cooper-Harper  ratings  for  the  configurations  with  different 
levels  of  pitch  rate  overshoot. 
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Fig.  8  Cooper-Harper  rating,  tor  configuration,  with  different 
level,  of  maneuver  enhancement. 

When  the  pilot  was  using  the  outside  visual  scene,  the  dynamics  of  the  visual  system  of  the 
flight  simulator  and  the  dynamics  of  the  model -following  system  of  the  in-flight  simulator  are  superimposed 
on  the  model  dynamics.  The  dynamics  of  the  visual  system  of  the  flight  simulator  can  be  characterized  as  a 
time  delay  of  0.05  s  and  a  first  order  low-pass  filter  with  a  time. constant  of  0.08  s.  Hie  effect  of  these 
additional  elements  can  be  expressed  as  an  increase  of  the  value  of  the  equivalent  time  delay  with  0.13  s, 
resulting  in  =  0.2  s. 

Analysis  of  the  pitch  rate  response  to  a  step-type  command  input  of  the  in-flight  simulator 
suggests  that  the  model-following  system  can  be  represented  by  a  time  delay  of  0.07  s  and  some  additional 
"lead"  to  quicken  the  response  after  the  delay. 

With  respect  to  the  comparison  ground  versus  flight  the  additional  "lead"  of  the  model  following 
system  warrants  the  conclusion  that : 

Configuration  E-1/flight  should  be  compared  to  configuration  E-2/ground 

Configuration  F-1 /flight  should  be  compared  to  a  configuration  with  a  pitch  rate  overshoot  larger 
than  existing  for  configuration  F-1/ground.  An  additional  configuration  "F-1/flight"  with  t  =  6.67  is 
therefore  incorporated  in  figure  7.  1 

Reference  15  discusses  these  matters  in  detail. 

In  conclusion  of  this  section  an  observation  related  to  the  heave  response  of  the  motion  system 
during  ground-based  simulation  and  of  the  model-following  system  during  in-flight  simulation  is  necessary 
for  the  configuration  with  maneuver  enhancement  (configuration  0-3). 

In  the  ground-based  simulator  the  heave  response  is  attenuated  by  the  filters  used  in  the  command  path  to 
the  motion  system;  in  principle  this  can  mask  a  problem  area  which  can  develop  in  real  flight.  After  close 
examination  of  in-flight  recorded  data  it  was  established  that  the  calibration  step  responses  for  the  in¬ 
flight  simulator  indicated  a  non- intentional  initial  overshoot  of  the  normal  acceleration  response  at  the 
pilot  station.  Amplification  of  the  high  frequency  content  of  the  model  output  by  the  model  following  system 
is  apparent  on  the  flight  records  of  approaches  flovn,  A  flexible  mode  of  the  TIFS  airframe  plays  a  role 
in  the  observed  phenomenon.  These  observations  have  led  the  authors  to  the  conclusion  that  it  cannot  be 
determined  how  much  the  pilot  complaints  concerning  the  "disturbing"  heave  motions  mentioned  before  are 
related  to  the  nominal  configuration  dynamics. 
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It.  2  Criteria 

Both  open-loop  and  pilot-in-the-loop  maneuvering  criteria  have  been  evaluated  on  the  basia  of 
experimental  results. 


OPEH-LOOP  CRITERIA 

On  the  basis  of  the  Cooper-Harper  ratings  of  the  flight  simulator  investigation,  the  correlation 
with  the  following  criteria  has  been  analyzed: 

-C*-criteria,  reference  33 

-Large  advanced  supersonic  aircraft  criterion,  reference  3U 

-US  Military  Specification  short-period  response  criterion,  reference  U 

-Criterion  on  the  compatibility  of  steady  maneuvring  forces  and  pitch  sensitivity,  reference  35 

The  flight  simulator  results  have  shown  that  the  first  two  criteria  are  not  applicable  to  the  type  of  control 
system  under  consideration  (Ref.  13). 


Analysis  of  the  MIL-F-3785  C  short-period  response  criterion,  when  interpreted  through  the  use 


of  equivalent  system  parameters  (u  versus  n  ; 
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led  to  the  conclusion  that  this  criterion  has 


shortcomings  when  used  for  aircraft  with  the  flight  control  systems  considered  here.  The  criterion  allows 
lower  wn  values  than  the  results  indicate,  while  also  a  configuration  characterized  here  as  having  too 

much  overshoot  after  a  step  consnand  input,  configuration  F-2  (CH=U.3)  lies  well  inside  the  level  1  area, 
as  is  shown  in  figure  9. 


Che  of  the  drawbacks  of  the  criterion  is  considered  to  be  the  fact  that  a  criterion  for  damping  ratio  is 
specified  separately.  Especially  in  the  area  of  relative  low  short-period  undamped  natural  frequencies 
(vicinity  of  the  lower  boundary  for  u*  /n  )  the  effects  of  the  numerator  time  constant,  undamped  natural 

q  e 

frequency  and  damping  ratio  should  be  considered  simultaneously. 


A  proposed  criterion  which  takes  the  effect  of  these  three  parameters  into  account  while  it 
incorporates  the  effect  of  time  delays  as  well  is  the  "rise  time"  of  the  pitch  rate  response  to  a  step 
command  input. 

Rise  time  (T  -  )  defined  here:  the  time  in  which  the  pitch  rate  response  to  a  step-type 
control  input  reaches  90  percent  of  the  (final)  steady  state  value.  The  proposed  criterion  is: 


Level  1 

Level  2 

T  . 
rise 

<  1.0  s 

<  1.7  s 

[Although  time  delay  was  not  varied  in  the  experiments,  it  is  possibly  of  interest  to  observe  that  an 
equivalent  time  delay  of  0.2  sin  combination  with  the  equivalent  system  parameters  u  ,  ;  and  t  of 
configuration  E-5  has  not  degraded  pilot  opinion  in  the  ground-based  experiments] .  nq  ^  ** 


Settling  time  of  the  pitch  rate  response  to  a  step  command  input  is  alBO  considered  of 
importance  and  possibly  usable  as  criterion.  Settling  time  (T  .  )  as  defined  here:  the  time  after  which 

the  pitch  rate  response  remains  within  a  band  of  values  vhichSrange  from  90  percent  to  1 10  percent  of  its 
(final)  steady  state  value.  In  the  determination  of  T  the  effect  of  low-frequency  dynamics  should  be 

eliminated.  A  second-order  equivalent  system  description  if  one  means  to  generate  the  required  time 
responses.  Pilot  evaluation  of  configuratiors  with  various  values  of  the  equivalent  damping  ratio,  c  as 

well  as  the  equivalent  undamped  natural  frequency  <s  is  required  to  propose  a  criterion  for  T  ^  , 

n^  settle 


The  format  of  the  fourth  criterion  mentioned  in  the  beginning  of  this  section,  "criterion  on 
the  compatibility  of  steady  maneuvering  stick  forces  and  pitch  sensitivity",  is  considered  especially 
appropriate  in  the  area  of  high  levels  of  pitch  rate  overshoot  after  a  step  command  (e.g.  large  lead  in  the 
flight  control  system,  F-conf igurations ) ,  see  also  reference  36. 


A  criterion  format  proposed  in  a  document  discussing  proposed  revisions  to  MIL-F-8785  B  (ASG) 
(Ref.  35)  is  directed  at  the  compatibility  of  appropriate  control  gains  for  "stick  force  per  g"  and  pitch 
acceleration.  These  two  control  gains  can  become  incompatible  in  the  sense  that  the  pitch  control  sensitivi¬ 
ty  .  . 
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This  parameter  can  be  considered  as  an  appropriate  description  for  the  Control  Anticipation  Parameter  (CAP, 
reference  37)  for  aircraft  for  which  the  pitch  rate  to  stick  force  transfer  function  deviates  appreciably 
from  classical  (bare  airframe)  expressions  due  to  their  flight  control  systems.  For  the  type  of  control 
system  considered,  side-stick  controlled  pitch-rate-command  (plus  attitude-hold),  the  following  criteria 
have  been  established  for  the  approach  and  landing  flight  phase : 
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<  0.7  rad/s  .g 

P 

<  2.9  rad/s  .g 

These  limiting  values  for 


(proposed  in  the  present  paper)  deviate,  however. 


considerably  from  the  values  published  in  reference  35.  When  attention  is  focussed  on  the  substantiation 
of  the  criterion  for  Category  C  flight  phase  in  that  reference  it  has  to  be  deduced  that  no  data  at  all 
have  been  available  to  substantiate  the  limit  values  published.  These  values  are  the  same  a3  the  numerical 


for  Level  1  and  2,  "terminal  flight  phase"  for 
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published  in  recommended  flying  qualities 


criteria  for  supersonic  transports  (Ref.  38),  although  more  restrictive  than  the  values  for  CAP  of  the 
Military  Specification,  are  not  in  correspondence  with  the  experimental  results  obtained  here. 

Alternative  approaches  to  define  the  CAP  based  on  time  history  measurements,  are  discussed  in 
references  38,  39,  Lo  and  hi. 


PIL0T-IK-THE-L00P  CRITERIA 


On  the  basis  of  the  Cooper-Harper  ratings  of  the  flight  simulator  investigation  the  correlation 
with  the  following  criteria  has  been  analyzed: 

-  Simplified  pitch  dynamic  response  criterion,  reference  35 

-  Inferred  closed-loop  criterion,  reference  i»2 

-  Original  pitch  dynamic  response  criterion,  reference  h3. 

Although  closely  related  to  the  "original  pitch  dynamic  response  criterion",  the  "simplified  pitch  dynamic 
response  criterion"  has  shown  to  be  less  useful  in  practice  as  is  discussed  in  reference  13. 

No  correspondence  between  th  furred  closed-loop  criterion"  and  the  experimental  results  have 
been  shown,  reference  13.  The 'briginal  p^tch  dynamic  response  criterion"  or  Neal-Smith  criterion  is  clearly 
the  most  versatile.  Applying  the  value  for  "minimum  bandwidth"  as  is  proposed  in  reference  35  for  transport 
aircraft  in  terminal  flight  phases,  .  =  1.2  rad/s,  the  result  f  ground-based  simulation  and  in-flight 
simulation  has  indicated  that  for  Level  i  handling  qualities  the  following  criteria  should  apply: 

<  0  (dB)  and  4  <  ♦  45  (deg) 

max  50 

The  limit  value  on  resonance  deviates  appreciably  from  the  boundaries  of  the  original  pitch  dynamic  response 
criterion.  In  figure  10  the  experimental  results  are  plotted.  The  dynamics  of  the  visual  system  (of  the 
flight  simulator)  are  incorporated  in  the  transfer  function  used  to  calculate  resonance  and  pilot  lead. 

With  respect  to  aircraft  deficient  in  flight  path  response  and  for  that  reason  incorporating 
maneuver  enhancement  as  part  of  the  flight  control  system,  no  criteria  are  in  existence.  It  is  not  possible 
to  give  an  "open-loop"  type  of  criterion  to  specify  the  amount  of  maneuver  enhancement  through  blended  DLC 
required  for  aircraft  deficient  in  flight  path  response  (n  too  low),  reference  13.  The  reason  is  that 
altitude  loop  performance  obtainable  depends  among  others  on  pilot  compensation  used  in  the  inner  loop 
(attitude).  As  a  possible  format  for  a  criterion,  a  series  closure  structure  is  envisaged  in  which  the 
innerloop  is  closed  according  to  the  principle  discussed  above  ("minimum  bandwidth"  1.2  rad/s,  while 
observing  the  |O/0c|___  and -4  boundaries)  and  the  outerloop  is  closed  (with  only  a  gain  to  represent  the 
pilot  action)  in  sucn  a  way  tfiat  a  phase  margin  of  30  degrees  is  obtained.  The  proposed  criterion,  see 
figure  11,  is  the  "minimum  bandwidth",  ,  wnich  should  result  after  the  loop  closure.  Based  on  flight 
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simulator  evaluations  only,  the  criterion  for  Level  1  handling  qualities  proposed  is: 

UBH-h  >  °'^  rad|/s 


Fig.  11  NLR  proposed  criterion  with  respect  to 
maneuver  enhancement  (Ref.  13). 


5.  CRITERIA  FOR  LATERAL  MANEUVERING 
5.1  Results  of  experiments 

Two  groups  of  configurations  will  be  presented.  The  Cooper-Harper  ratings  given  for  the  configura¬ 
tions,  for  which  the  equivalent  roll  mode  time  constant  was  the  parameter  varied,  are  presented  in  figure  12. 
The  degradation  of  handling  qualities  with  increasing  values  of  the  equivalent  roll  mode  time  constant  is 
clearly  observable  both  ground-based  and  in-flight.  However,  a  value  of  2  seconds  being  rated  unacceptable 
in  the  ground-based  experiments  (average  Cooper-Harper  rating  7.3)  is  rated  unsatisfactory  but  acceptable 
in-flight  (average  Cooper-Harper  rating  5.7).  The  Cooper-Harper  ratings  given  for  the  configurations,  for 
which  the  equivalent  time  delay  in  the  roll  command  path  was  the  parameter  varied,  are  presented  in  figure  13. 
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Fig.  12  Cooper-Harper  ratings  for  the  configurations  with  different 
equivalent  roll  node  tine  constant. 
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rig.  13  Cooper-Harper  ratings  for  the  configurations  with  different 
equivalent  tine  delays  In  the  roll  conwand  path. 


Degradation  of  handling  qualities  with  increasing  values  of  equivalent  time  delay  is  very  similar  ground- 
based  and  in-flight. 

It  must  be  emphasized  that  this  comparison  is  based  on  equivalent  roll  mode  time  constant  and  equivalent 
time  delay  as  determined  from  the  computer  model  step  responses.  The  pilot  commentary  indicated,  however, 
that  the  Cooper-Harper  ratings  were  largely  determined  by  the  impressions  that  were  obtained  in  the  final 
approach  and  landing  (visual  segment).  In  that  situation  the  dynamics  of  the  visual  system  of  the  ground- 
based  simulator  and  of  the  model-following  system  of  the  in-flight  simulator  are  superimposed  on  the  model 
dynamics.  The  dynamics  are  not  the  same.  The  ground-based  visual  system  can  be  approximated  by  a  small  time 
delay  of  0.03  s  and  a  first-order  low-pass  filter  with  a  time  constant  of  0.08  s,  thus  increasing  both 
equivalent  time  delay  and  equivalent  roll  mode  time  constant.  The  roll  response  of  the  in-flight  simulator 
suggests  that  the  model-following  system  can  be  represented  by  a  time  delay  of  0.12  s  and  "some  additional 
lead",  to  quicken  the  response  after  the  delay.  The  effect  is  an  increase  in  equivalent  time  delay  and  a 
decrease  in  equivalent  roll  mode  time  constant. 


5.2  Criteria 

In  the  ground-based  investigation  the  correlation  of  the  Cooper-Harper  ratings  with  a  large 
number  of  criteria  parameters  based  on  computer  responses  has  been  analyzed.  Parameters  included  bank 
angle  in  one  second,  time  to  reach  3C  degrees  bank  angle,  maximum  available  roll  rate,  maximum  available 
roll  acceleration,  equivalent  roll  mode  time  constant,  equivalent  time  delay  etc.  The  result  was  that 
equivalent  roll  mode  time  constant  and  equivalent  time  delay  of  the  computer  model  showed  the  best 
correlation.  In  reference  1 1  it  is  shown  that  a  regression  equation  of  the  following  form 

CH  =  1.6  +  2.7  r'  +  10  T 
est  R  p 

predicted  the  ratings  for  all  twelve  configurations  evaluated  in  two  flight  simulator  experiments  with 
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good  success  (All  act  ial  ratings  were  within  one  rating  unit  from  the  estimate).  The  regression  equation 
does  not  include  the  effect  of  the  visual  system  dynamics.  If  the  parameters  are  modified  as  follows: 


-  t'  +  0.08  and  T  =  T  +0.03,  the  regression  equation  changes  into  CH 


=  1.1  +  2.7  t ' 


Using  actually  measured  equivalent  roll  mode  time  constant  and  equivalent  time  delay,  this  equation  predicts 
the  following  ratings  for  the  three  configurations  that  have  been  evaluated  in-flight: 


Conf.  T-1.CH 


2‘9  (CHactual  “  2-5) 


Conf.  T-b,CHest  =  8.0  (CHactual  =  5.7) 

Conf.  T-7,CHest  -  5.1  (CHactual  -  *.3) 

The  fact  that  the  actual  rating  for  configuration  T-l*  was  significantly  lower  than  predicted  indicates  that 
probably  the  coefficient  of  is  a  little  too  high. 

v 

In  MIL-F-8785  C  (Ref.  U ) ,  no  link  is  put  between  allowable  roll  mode  time  constant  and  roll  time  delay. 

For  Class  II  and  III  aircraft  (medium  to  heavy-weight  transport)  a  boundary  on  roll  mode  time  constant  reads: 
Level  1  <  1 .U  s 

For  time  delay  a  general  boundary  is  mentioned 
Level  1  T  <  0. 1  s 

The  modifiid  regression  equation  mentioned  can  be  used  to  validate  these  boundaries  assuming  the  other 
parameter  is  kept  at  some  specified  value.  Assuming  that  time  delay  is  negligible  (T  «  0) 
the  criterion  on  roll  mode  time  constant  for  Level  1  handling  qualities  is:  Pv 

tp  <  0.9  s, 

which  is  a  value  that  is  smaller  than  the  MIL-F-8^85  C  criterion.  Assuming  that  the  roll  mode  time  constant 
is  small  (e.g.  ip  «  0.3  s)  the  criterion  on  time  delay  for  Level  1  handling  qualities  is: 

V  T  <  0. l6  s . 

Pv 

This  value  is  considerably  larger  than  the  value  of  0.1  s  mentioned  in  MIL-F-8785  C  (Ref.  U)  but  comparable 
to  the  boundary  of  0.17  s  mentioned  in  reference  38. 

The  equation  suggests  that  for  larger  equivalent  roll  mode  time  constants,  the  boundary  on  allowable 
equivalent  time  delay  becomes  more  restricted. 

These  results  seem  to  indicate  that  limitations  on  rise  time  of  roll  rate  to  a  step-type  command 
input  may  have  merit  as  a  criterion. 


6.  CONCLUDING  REHARKS 

Ground-based  and  in-flight  experiments  have  been  carried  out  to  investigate  the  pilot  opinion 
on  handling  qualities  of  transport  aircraft  equipped  with  side-stick  controlled  rate-command/attitude-hold 
flight  control  syr.tems.  The  dynamics  of  the  pitch  and  roll  control  system  have  been  varied  such  that  boundaries 
in  handling  quality  criteria  could  be  established. 

The  in-flight  simulation  program  has  been  extremely  valuable  in  supporting  most  of  the  results  obtained 
during  ground-based  simulation  programs  and  in  providing  now  insight.  In  the  in-flight  experiments  a  higher 
piloting  effort  for  airspeed  regulation  became  apparent,  whereas  large  roll  mode  time  constants  degraded  the 
pilot,  upirioi  less  than  in  the  ground-based  experiments.  A  general  conclusion  is  that  in  order  to  obtain 
"satisfactory"  pilot  opinions  these  aircraft  must  possess  a  somewhat  higher  equivalent  short -period  undamped 
natural  frequency  and  a  smaller  equivalent  roll  mode  time  constant  than  those  allowable  for  contemporary 
transports  with  conventional  flight  control  systems. 

More  specifically  the  observations  with  respect  to  the  longitudinal  handling  quality  criteria  are  as  follows: 

-  When  comparing  the  values  of  equivalent  system  parameters  of  the  investigated  configurations  with  the 
MIL-F-878‘>  C  short  -  period  response  criterion,  it  appears  that  the  minimum  value  of  short-period  undamped 
natural  frequency  is  too  lenient. 

A  more  comprehensive  criterion  applicable  in  this  area  which  incorporates  uhe  effects  of  the  numerator  time 
constant,  the  undamped  natural  frequency  and  the  damping  ratio  simultaneously  as  well  as  the  equivalent  time 
delay,  is  the  "rise  time  of  the  pitch  rate  response  to  a  step  command  input".  Limit  values  for  Level  1  and 
Level  2  flying  qualities  have  been  proposed. 

-  Limit  values  for  Level  1  and  Level  2  flying  qualities  have  been  proposed  for  a  criterion  concerning  the 
compatibility  of  steady  maneuvering  stick  forces  and  pitch  sensitivity  which  is  appropriate  for  configura¬ 
tions  with  high  levels  of  pitch  rate  overshoot  after  a  step  command  input. 

-  It  is  shown  that  a  pilot-in-the-loop  criterion  based  on  limiting  closed-loop  resonance  and  pilot-lead 
compensation  has  merit  for  pitch  control  of  transport  aircraft  in  the  approach  and  landing  flight  phase. 
Based  on  a  "minimum  bandwidth"  of  1.2  rad/s  a  tentative  boundary  for  Level  1  flying  qualities  is  presented. 

-  Based  only  on  the  ground-based  experiments  a  criterion  has  been  specified  concerning  the  minimum  amount  of 
maneuver  enhancement  for  aircraft  deficient  in  flight  path  response  to  attitude  changes  (n  too  low).  The 
criterion  uses  the  minimum  bandwidth  of  the  outer-loop  obtainable  after  sequential  closure  of  attitude 
and  altitude  loops. 

The  observations  with  respect  to  the  lateral  handling  qualities  are  as  follows: 

-  For  negligible  equivalent  time  delays  the  maximum  allowable  value  for  the  equivalent  roll  mode  time 
constant  is  smaller  than  the  value  published  in  MIL-F-8785  C. 

-  The  allowable  equivalent  time  delay  in  combination  with  a  small  value  of  the  equivalent  roll  mode  time 
constant  is  larger  than  the  value  published  in  MIL-F-8785  C,  which  is,  however,  mainly  based  on  fighter 
experience. 
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SUMMARY: 

Current  specifications  (e.g.  MIL-F-8785)  are  not  fully  applicable  for  augmented 
airplanes  (high  order  systems) .  Major  shortcomings  are  due  to  unsuitable  aatheaatical 
representation  of  criteria.  In  addition  current  criteria  are  not  precise  enough,  both 
for  augmented  and  unaugmented  systems. 

Detrimental  effects  to  flying  qualities  are  discussed.  Means  to  reduce  these  effects 
are  proposed,  including  nonlinear  methods. 

With  respect  to  the  pitch  short  period  a  criterion  (based  on  MIL-F-8785  and  others) 
is  presented,  which  states  a  more  precise  relationship  between  the  relevant  parameters. 

When  transformed  into  time  history  and  frequency  response,  this  criterion  is 
applicable  for  any  system. 

Especially  it  is  shown,  that  Nichols-plots  can  be  a  useful  tool  for  handling  qual¬ 
ities  evaluation. 

Optimal  Stick  Force  Gradient  Criteria  (F  /n  .  )  are  derived  from  a  quasi-linear 
pilot-aircraft  closed  loop  analysis.  ' 

The  closed  loop  characteristics  are  formulated  by  means  of  a  bandpass  filter 
frequency  response  function,  the  characteristics  of  which  are  defined  by  the  equivalent 
aircraft  and  a  precision  pilot  model  frequency  function. 


INDRODUCTIONt 

High  performance  fighter  aircraft  show  extremely  expanded  flight  regimes  as  measu¬ 
red  by  dynamic  pressure  and  incidence  angles.  Additionally  the  static  stability  Is 
reduced  for  reasons  of  Improved  performance . 

These  tendencies  require  the  Implementation  of  an  automatic  flight  control  system. 
Powerful  FCS- computers  allow  sophisticated  controls.  Wide  variations  in  control  surface 
effectiveness  and  coupling  effects  require  the  adaptation  of  control  surface  blending, 
varying  characteristics  of  the  uncontrolled  aircraft  require  the  adaption  of  control 
laws  parameters.  Furthermore  increased  filtering  of  sensor  signals  is  required,  as  high 
gain  stabilization  in  an  airframe  with  minimised  structural  weight  poees  problems  as¬ 
sociated  with  structural  modes  and  their  interaction  with  control  system  dynamics. 

Altogether  these  measures  end  up  in  a  high  order  dynamic  system.  The  known  MXL- 
criteria  are  no  longer  applicable  without  additional  reasoning. 

New  and  further  improved  criteria  are  needed  to  overcome  deficiencies  which  ooeld  be 
noted  in  some  early  flight  tests  with  augmented  airplanes.  The  influence  of  detrimental 
effects  have  to  be  analyzed  and  taken  into  account  at  proper  design  stages.  These 
analyses,  together  with  improved  criteria  including  these  detrimental  effoeta,  will 
lead  to  better  guidelines  for  FCS-deslgn,  hopefully. 

Of  primary  interest  are  criteria  with  directly  usable  hints  and  design  goals  for 
the  development  of  the  flight  control  laws  and  the  systems  specif leatlon.  The  basic 
background  of  all  flying  qualities  requirements  is  the  question  what  should  the 
handling  and  ride  qualities  of  an  aircraft  be  so  that  the  pilot  can  fulfill  his  mission 
and  flight  task  in  a  safe  way  with  minimum  workload,  and  within  the  limits  of  his 
ability  to  adapt  to  the  control  problems. 


This  formulation  points  out  that  the  evaluation  of  these  criteria  are  generally 
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influenced  by  effects  sometimes  considered  marginals  density  and  update-rate  of  infor¬ 
mation  presented  to  the  pilot*  e.g.  visual  cues  on  the  head-up-display  and  general 
visibility,  actuation  of  the  pilot  controls  as  stick*  pedals*  thwbwheels,  discrete 
Inputs  etc. 


1 .  Design  Considerations  for  Longitudinal  Control  (by  Vf .  Neuhuber) 

Deficiencies  of  FCS-designs  encountered  primarily  in  so-called  tight  control  tasks 
as  precise  manoeuvering  in  air-to-air  combat  using  the  gun,  landing  approach  and  close 
formation  flight  or  during  inflight-refueling.  In  these  cases  the  pilot  shows  high  gain 
performing  his  task.  In  the  above  mentioned  flight  and  mission  phases  dynamic  pressure 
and  angle  of  attack  have  strongly  different  values. 

Therefore  it  can  be  expected  that  the  definition  and  design  of  appropriate  flying 
qualities  will  have  to  take  nonlinear  and  time-varying  effects  into  account. 

Considering  the  response  of  the  vertical  acceleration  nz  to  pilot  coanands 
(Fig.  1-1)  three  different  phases  can  be  distinguished t 

a)  Initial  lagged  response 

b)  rise 

c)  settling  to  stationary  value 

In  precise  tracking  tasks  the  initial  phase  (a)  is  of  high  importance.  The  time  history 
is  strongly  influenced  by  the  sum  of  time  lags  and  delays  located  in  the  feed-forward 
loops.  Additionally  there  is  a  nonminimum-phase  effect  with  aircraft  manoeuvering  with 
horizontal  tails  or  with  vectored  thrust  alone.  By  blending  manoeuver  flaps  with  the 
actuation  of  these  controls  the  nonminimum-phase  effect  can  be  eliminated.  As  a  good 
"rule  of  thumb"  the  degree  of  elimination  should  be  confined  so  that  the  initial  pole 
of  rotation  lies  at  the  pilot's  station.  In  that  case  the  pilot  will  sense  a  rotational 
but  no  translational  acceleration  at  the  first  moment  of  aircraft  response. 

With  regard  to  the  allowable  amount  of  time  delay  MIL-9490D  gives  stringent  but 
justifiable  limits  which  should  be  given  notice  early  in  the  FCS  design.  Filtering  in 
the  feed-forward  loop  should  be  minimised  for  inherent  time  lags  and  delays. 

In  the  phase  (b)  of  the  nz-response  (Fig.  1-1)  the  steepness  of  the  nz-build-up 
should  not  exceed  some  limit.  Otherwise  the  pilot  could  be  disconcerted  primarily  due 
to  the  effects  of  forces  on  his  head  and  arms.  A  limiting  value  of  8  g  per  sec  has  been 
cited  /1 4/,  but  there  should  be  a  limit  related  to  the  steady  state  vertical  accelerat¬ 
ion,  e.g.  from  1.6  to  3.6  times  the  steady  state  value  in  one  second. 

This  rule  was  found  by  consideration  of  coordinated  turns  using  full  roll 
acceleration  and  trying  to  stay  in  almost  constant  altitude.  Pilot  comments  on  normal 
load  buld-up  experienced  in  highly  manoeuver able  aircraft  will  help  to  establish  a  sore 
accurate  limit. 

In  the  phase  (c)  of  the  nz-response  (Fig.  1-1)  a  well  damped  behaviour  is  required. 
Settling  time  should  be  minimized.  This  requirement  is  in  conflict  with  the  need  for 
quick  rise  time  of  nz  as  far  linear  airframe  dynamics  and  linear  control  laws  are  consi¬ 
dered.  For  a  short  rise  time  in  phase  (b)  a  high  frequency  and  a  low  damping  of  the  short 
period  motion  of  the  aircraft  would  be  favourable,  but  in  phase  (c)  good  damping  is 
required.  These  conflicting  requirements  can  be  achieved  simultaneously  by  means  of 
nonlinear  control  laws  with  some  gain  adjustment  depending  on  the  difference  between 
conmanded  and  actual  load  factor. 

Whereas  in  phase  (a)  time  delays  in  the  feed-forward  loop  were  detrimental  to 
performance,  now  time  delays  and  lags  in  the  feedback  loops  must  be  paid  attention  in 
order  to  satisfy  the  requirement  of  good  damping  especially  in  gusty  environment. 

The  discrimination  between  three  different  phases  of  the  load  factor  response 
(Fig.  1-1)  finds  its  complement  in  the  discrimination  between  gross  manoeuvering  and 
"fine  tuning"  of  aircraft  attitude.  MIL-criteria  pertaining  to  eigenvalue  characteristics 
like  frequency  and  damping  are  a  good  guideline  to  FCS  design.  This  design  should  allow 
nonlinear  control  law  modifications  advised  by  analyses  of  mission-related  manoeuver S . 
Conflicting  requirements  and  aspects  of  the  nB-and  q-response  can  be  overoome  by  means 
of  proper  static  and  dynamic  blending  of  aerodynamic  control  surfaces  (and  thrust 
vectoring) ,  nonlinear  shaping  of  gains  in  feedforward  (cqaauund  shaping  filters)  and 
feedback  loops,  and  by  Inserting  dynamically  shaped  pilot  coaminds  into  different  loops 
of  the  longitudinal  control  system.  Unfortunately  these  means  and  measures  are 
accompanied  by  detrimental  effects  like  additional  computer  burden  and  therefore  delay, 
so  that  a  trade-off  has  to  be  accomplished  between  possible  improvements  and  actual 
realisabllity. 


2.  Criteria  for  Pitch  Short  Period  notion  (by  L.  Diederich,  MSB  Munich) 

The  Method  for  derivation  of  short  period  handling  qualities  criteria  proposed  in  this 
presentation  is  based  on  the  assuaption  that  essentially  two  paraneters  are  relevant i  the 
control  anticipation  paraaeter  (CAP)  and  the  overshoot  ratio  (resonanoe  aaplltude)  /16/. 


2.1  Derivation  Of  Optinua  Parameters 

The  control  anticipation  paraaeter  is  defined  as  follows  /15 /,  /1 7/ 1 
GAP  -  40/Anz  -  ^.g/q^.V  -  Te.On2.g/V 

(note:  all  parameters  are  to  be  understood  as  low  order  equivalents  of  high  order 
systems). 

With  (nz/«  >equivalent  -  V/g.Te  /I?/,  we  obtain  CAP  »  “»„2/ (nz^ >equlvaleBt,  according 
to  para  3. 2. 2. 1.1  of  reference  /1 5/. 

The  resonance  amplitude  is  defined  as:  |a|£Jr  «  Tg.C^/2-^ 

If  an  optimum  value  for  |AjUn  exists,  then  the  optimum  damping  ratio  must  be  variable: 
Vwn/2’l*Ki 

According  to  reference  /II/  and  results  of  references  /€/  and  /I 8/,  the  optimum  ampli¬ 
tude  is:  |A|u)  «  1 .8  *  5  db.  Thus  the  proposed  replacement  for  para  3. 2. 2. 1.2  of  re¬ 

ference  /1 5/  Is  as  follows: 

5n-  T..W/3.6  and  -  Ta.6>  2/3.6  -  CAP.V/3.6g 

v  n  nn  on 


2.2  Proposed  Tolerances 

According  to  references  /1 5/  and  /17/,  and  results  from  /6/  and  /18/,  the  relation¬ 
ship  between  pilot  opinion  rating  (POR)  and  control  anticipation  paraaeter  should  be  as 
follows:  PORI* CAP  for  CAP  8  1  and  POR  *1 /CAP  for  CAP  *  1. 

Table  2-1  shows  the  proposed  boundaries: 


CONTROL  ANTICIPATION  PARAMETER 


Level 

Cat.  A*C 

Category  B 

1* 

.5  to  2 

.11  to  3.5 

1 

.29  to  3.5 

.11  to  3.5 

2 

.15  to  6.5 

.11  to  6.5 

3 

.11  to  9.5 

.11  to  9.5 

Level  1*  *  optimum  region 


The  requirements  for  category  C  in  table  2-1  are  More  restrictive  than  those  la  re¬ 
ference  /IS/.  The  reason  is,  that  a  high  value  of  CAP  will  help  to  cure  problems  associa¬ 
ted  with  the  stick  pumping  phenomenon  as  mentioned  in  reference  /I 7/  and  as  experienced 
with  several  systems:  an  improved  pitch  acceleration  response  due  to  an  adequate  value 
of  CAP  will  reduce  pilot's  pumping  activity  (eontroler  and  surface  amplitudes)  during 
flare,  and,  on  the  other  hand,  short  period  and  pumping  frequencies  will  be  well  separa¬ 
ted,  so  reducing  the  probability  of  pumping  activity  to  end  up  in  pilot  induced  oscilla¬ 
tions  . 

since  deviations  of  damping  ratio  from  its  optimum  value  result  in  similar  degrade- 
tions  of  flying  qualities  as  deviations  of (*>  from  optinua  do,  the  tolerances  of  both 
parameters  should  be  coupled  as  follows: 


WCmls  "  Wm«/W  for  CAP  »  1 


,od  Cmsx*m1n  ‘  <*P'«P.1B  por  CAP  s  1 


with  CAP^  and  CAP((|1n  according  to  tabls  2-1. 


2.3  Development  of  Criteria 


If  one  expreaaea  Mentioned  requirement a  in  different  Mathematical  rapr meant a* tone ,  1 

one  can  obtain  a  aet  of  equivalent  abort  period  criteria.  j 

j 

For  example  we  aaaume  an  arbitrary  condition  aa  foilowat  V  «  100  m/aec,  n  .. _  »16g/radJ 
Tfl  -  0.629  sec,  which  requlreas  (Jn  -  4.03  rad/sec,  5  ■  0.703. 

Figure  2-1  ahowa  the  optimum  of  hi  and  S  end  the  level  1  boundariea  in  compariaon  to 
those  of  reference  /IS/.  Several  parameter  combination*  tolerated  in  ref.  /IS/  are  exclu¬ 
ded  by  proposed  requirements.  Note  that  location  of  optimum  and  boundarlas  will  shift  with 
change  of  flight  condition  and  configuration. 

* 

Figure  2-2  shows  time  response  of  pitch  rate  for  control  stick  step  input,  with  the 
parameters  stated  before. 

Figure  2-3  shows  the  level  1  locations  of  poles  in  s-plane  for  mentioned  example. 

Figure  2-4  shows  the  corresponding  Bode  plots  of  pitch  rate  vs.  control  stick  input. 
Note  that  the  high  frequency  asymptotes  depend  on  system  order.  Rather  than  the  example 
of  reference  /II/,  our  one  is  low  order.  For  frequencies  higher  than  short  period  reso¬ 
nance  rather  the  relationship  between  amplitude  and  phase  than  their  absolute  values  should 
be  relevant. 

Therefore  an  alternative  representation  in  frequency  domain  ia  proposed*  a  pseudo- 
Nichols  diagram  of  pitch  attitude  vs.  stick  input  according  to  figure  2-5. 

Figure  2-6  shows  the  proposed  boundaries  as  developed  from  the  requirements  mentio¬ 
ned  before,  and  aa  checked  against  data  set  from  references  /6/  and  /IB/,  and  actual 
systems.  This  representation  is  not  subject  to  changes  due  to  variations  of  flight  condi¬ 
tion,  configuration  or  system's  order.  However,  bandwidth  should  be  verified  (BW •  W) . 


Table  2-2  shows  some  properties  of  the  criteria  mentioned: 


Representation 

Required  Actions 

Find  low  order  equivalent 

adapt  for  flight  condition 

wn  ws-  C 

yes 

yes 

time  history 

no 

scaling  of  time  axis 

S-plane 

ye* 

yes 

Bode  plots 

no 

scaling  of  is -axis  4  high 
frequency  asyaptotes-F(order ) 

Nichols  diagram 

no 

evaluate  bandwidth: 

BH  s  0.5 u»n  to  2u>n 

The  representation  according  to  figures  2-5  and  2-6  was  dominated  as  "pseudo "-Nichols 
diagram,  since  the  mentioned  functions  do  not  contain  any  pilot  modal*  loop  closure  via 
pilot  is  fiction  for  this  representation.  Therefore  this  criterion  should  not  be  misunder¬ 
stood  as  comparable  with  the  Neal  a  Smith-criterion  /6/  or  with  the  representation  of  part 
3.  of  this  report.  Nevertheless,  the  closed  loop  curve  of  Nichols  diagram  showed  to  be  use¬ 
ful  boundaries  for  the  proposed  criterion . 

Regardless  of  advantages  of  disadvantages  of  the  representations  presented,  it  is  re¬ 
commended  to  use  more  than  one  criterion  simultaneously.  Their  choice  may  depend  on  mathe¬ 
matical  tools  and  data  set  available  or  preferred  by  the  user. 


2.4  Concluding  Remark 

If  future  experience  should  require  revision  of  proposed  optimum  values  of  control 
anticipation  parameter  and  resonance  amplitude*  the  method  presented  will  not  be  affected. 
Just  the  numerical  values  will  be  subject  to  revision. 


3.  The  Derivation  of  Pitch  Stick  Pore*  Gradient  Criteria  free  other  Handling  Qualities 
Criteria  (by  K.  Brauser,  MBS,  Munich). 


3.1  Pilot-Aircraft  Closed  Loop  Analysis 

stick  force-gradient  criteria  (e.g.  for  the  derivation  of  the  fg/ns  -slope)  should  be 
developed  theoretically  by  closed  loop  analysis  in  order  to  introduce  all  handling  cri¬ 
teria  which  can  influence  the  stick  characteristics,  or  which  are  dependent  on  these.  The 
closed  loop  nust  contain  a  guasilinear  pilot  nodal  which  should  be  as  precise  as  pos¬ 
sible  »  end  which  has  been  validated  by  experimental  work,  and  also  by  theoretical  analy¬ 
sis. 

The  aircraft  nodal  used  in  this  analysis  should  be  an  "equivalent"  nodal  such  as  has 
been  presented  in  chapter  2  of  this  report. 

The  pilot  nodal  introduced  here  is  given  by  fig.  3-1  (from  Bubb  /I/)  which  is  similar 
to  that  of  Nc  Xuar  and  Nagdaleno  /2/  and  which  has  been  experimentally  validated  in  /%/, 
theoretically  also  by  the  author  (/3/). 

Since  the  analysis  will  be  performed  at  the  frequency  transfer  level,  the  pilot  model 
is  represented  by  its  frequency  characteristics. 


(1)  Fp(s) 


T_ 

i  : 


Ta,Tv 


Kp ( 1  ♦  TAs)(1  ♦  Tya)  e~cPa 
K(  I  ♦  TtyS) (1  +  TmS  ♦  TJ*Sa) 

^  y  damping  and  resonance  of  the  man-manipulator  system 

neuromuscular  lag  time  constant 
pilot  gain 

neuromuscular  force  and  joint  sensor  feedback  gain 
Information  input  and  processor  lead  time  constant 


The  equivalent  aircraft  model  is  given  by  (pitch  axis  short  period  only) t 


(2)  Fa (s)  - 


KgKad  ♦  T9b)  e~*a* 
S(1  ♦  TaS  +  T|*S*) 


Fg  ■  control  stick  input 

Kc  »  feel  force  gain 

K0  -  stick-force  to  elevator-deviation  gain 

Tg  •  1/Ljf  ,  the  lift  coefficient  lead  time  constant 

J  short  period  damping  and  resonance 

The  closed  loop  characteristics  are  given  by  (fig. 3-2) 
Fp(s)Fa(s) 

k  *!k  #  _  k  _  _  * _ _  _  _k_  J  1 _  d-M 


(3)  Fcl(s) 


1  +  Fp(s)Fa(s) 


,  which  has  the  form 


KpKeKg  ( 1  ♦  TAS)  (1  ♦  TyS)  (1  +  Tg»)e« _ __________ 

(4)  Fci,(s)  ^  >(1  +  X|fS)  (1  ♦  TaS  ♦  T|* S* )  ♦  KpKpKgd  ♦  TAs)  (1  ♦  Tys)  d  ♦  TgSle"*** 

and  in  which  the  pilot  neuromuscular  manipulator  element  has  been  neglected,  since  &a 
should  be  at  least  3.5  times  higher  than  U>nBp  (/3/) . 


Using  the  PadA-  substitution 


1  -  T.s 


(5)  e 


Ta  -  Ta/2 


.the  delay  term  is  replaced  by 


-  e-(cP  *  w»)l 


1  -  Tas 
1  ♦  Tas 


which  gives  the  possibility  of  the  formulation  of  a  denominator  poiynom  in  aq.  (4)  which 
now  can  be  evaluated  numerically. 

The  solution  of  the  problem  represented  by  equation  (4)  ia  found  to  be  a  "handpaaa- 
filter*  like  transfer  function 


(7)  FCIl(a) 


i 


j 


i 


t 

j 


(1  ♦  TAf)<1  +  TyS)(1  ♦  Tgs)(1  -  T*s) 

X*(s)(1  +  Tas)*(  1  +fK/(K*Ka)  -  T*]»  +{ KT^/ (^*K* )•( I1"  +  TaS  ♦  T| *•*>' 
K*  *  KpKfKg 

(1  ♦  Tvs> (1  ♦  TgS)  _  . 

K*(s)  -  —  -  — .  -  ,  the  pilot's  gain  compensation  of  th*  intamal 

1  ♦  TaS  ♦  TJ*s«  aircraft  nodal. 


(8)  K*  ■  c./K*(s)/,  a  choaan  constant  average  amplitude  of  R*(e)  over  tha  interesting 
fraquancy  ranga  (cj  1). 

Tha  filter  characteristic  given  by  aq.  (7)  is  chosen  as  a  complete  handling  criterion 
of  tha  systaa  pilot-aircraft,  in  which  all  single  handling  criteria  Jcnown  up  to  data  can 
be  expressed  explicitly  depending  on  each  other.  (Complete  derivation  is  given  in  /8/  or 
/9/).  The  equation  (7)  is  tha  solution  for  all  possible  aircraft  characteristics  of  tha 
type  of  eq.  (2),  for  it  describes  priaarily  the  role  of  tha  huaan  pilot  which  closes  the 
control  circuit.  This  is  true  also  for  all  aircraft  states  of  a  given  aircraft.  Any  nu¬ 
merical  solution  should  be  understood  as  a  solution  of  a  quasi linear  control  circuit 
specified  by  the  aoaentary  operational  state.  A  change  of  the  systaa  state  is  adapted  by 
the  pilot  by  generating  new  lead  and  gain  constants  (see  table  3-1  for  examples  of 
states ) . 

The  hypotheses  on  which  this  analysis  is  based  are  the  following i 

( 1 )  The  loop  pilot-aircraft  is  always  closed  when  the  pilot  holds  his  hand  on  the 
stick,  even  in  the  cases  when  he  tries  to  Introduce  singletts  or  doubletts  into  the 
circuit. 

(2)  The  pilot  generates  a  lead  tera  Tv  in  order  to  build  up  an  "internal  aircraft 
model"  using  also  the  aircraft  given  lead  tera  Tgi 

(1  ♦  Tvs)(1  ♦  TgS)  -  (1  ♦  TaS  ♦  T**s»  )  ,  TyTe  »  T$* 

(3)  The  pilot  tries  to  compensate  this  "model*  if  Tv  ♦  Ta  >  Ta  (for  *5 a  »  T«/2Ta*  <  1) 

by  the  introduction  of  a  frequency  dependent  gain  factor  R*(s)  (see  above),  which 
is  unity  for  Ty  ♦  Ta  ■  Ta  A  1.0. 

(4)  The  bandpass  filter  transfer  function  has  a  constant  bandwidth Wg  “  3.5  red/second, 
the  phase  shift  at  that  frequency  should  not  be  larger  then  90*. 

(5)  The  pilot  adjusts  Ke  (by  means  of  Kp),  K*(s),  Ty  (also  Ta  if  necessary),  T* 
and  T,  in  order  to  keep  the  bandpass-filter  characteristics  of  a  closed  loop 
containing  an  arbitrary  aircraft  within  the  limits  given  in  fig.  3-3. 

(6)  The  adaptibility  of  the  pilot  is  limited  by 

o  The  order  of  the  generated  lead  (f  2  for  good  handling) 
o  Total  lead  time  (Ty  ♦  Ta  <  2  ...  3  seconds)  -  see  /4/,  /5/,  /</  - 

o  Ta  •  cg  3  CA  ,  since  ^  3  CA  must  not  exceed  0,4  seconds  in  order  to  avoid  910- 
prone  characteristics. 

o  Kp  is  limited  for  high  values  by  small  force  discrimination  of  the  internal  feed¬ 
back  loop,  and  for  low  values  by  maximal  muscular  tension  or  *  at  a  lower  level  - 
by  comfort. 

o  K*(s)  is  limited  by  attention  level  and  the  characteristics  of  the  guidance  func¬ 
tion  or  the  disturbances  of  the  system. 

It  is  believed  that  the  pilot  introduces  a  constant  factor  R*  which  is  an  average 
amplitude  value  of  R*(s)  over  the  interesting  frequency  range. 

o&k  must  not  be  "frosen"  by  — 4.'*.  (W*  is  defined  by  equ.  (9)) 

3.2  Discussion  of  the  Solution 

The  slope  and  the  limits  of  the  transfer  function  (eq.  (7))  shown  in  tig.  3-3  have 
been  evaluated  from  the  "Nichols  theorem"  developed  in  part  2  of  this  rep  St--,  the  limits 
of  fig.  3-3  indicate  the  area  of  good  handling  qualities.  It  can  be  demonstrated  that  on¬ 
ly  good  handling  qualities  or  iterTarepr  evented  by  tha  aircraft  whidh  are  dteduesed  in 
pert  2  enable  the  pilot  to  hold  the  filter  characteristics  within  .wide  limits,  which  - 
also  contain  the  Neal  and  faith  criterion  (dotted  lines).  A  mors  detailed  discussion  is 
given  in  /•/.  There  are  some  conclusions  which  should  be  discussed  in  detail  in  this 
report,  however. 


3.2.1  Tha  Pilot  "Strategic  Control*  Term 

In  eq.  (7)  the  tern  (1  +  (gg^g —  Ta)  s  +  T*a 2)  say  be  said  to  be  the 

"Strategic  control  ten",  because  it  contains  all  adaptive  pilot  activities.  It  can  be 
demonstrated,  that 

(9> 

ia  the  maximal  stick  movement  frequency  applied  to  solve  control  problems,  while 
(10)  -  Te  is  the  "damping  factor* 

of  this  term,  if  if*  is  too  low,  it  gives  rise  for  PIO  tendencies  (see  3.2.2).  A  high 
value  ofWfc  is  correlated  with  good  handling  qualities,  this  was  explicitly  proven  by  the 
experimental  work  of  Miller  /10/,  in  which  was  found  that  a  smallest  tracking  error  is 
correlated  to  a  high  value  of  u)^  ( 2  5 o*k  *  *  rad/sec).  The  numerical  values  in  table  3-1 
for  stable  solutions  of  eq.  (7)  show  the  sane  tendency. 

The  "strategic  term"  also  contains  the  adaptive  gain  factors  Ka  -  KpKelu  which  the  pilot 
can  adapt  to  stabilisation  or  tracking  problems  by  variation  of  Xp,  or  X*(s)  which  ne  ap¬ 
plies  to  build  up  the  "internal  aircraft  model”  aa  a  feedback  function,  and  last  not 
least  X*  which  is  the  more  realistic  tool  to  compensate  the  aircraft's  instabilities  (see 
3.2.3).  These  variable  gain  factors  which  are  depending  on  the  aircraft  momentary  state 
are  used  by  the  analyst  to  derive  optimal  stick  force  characteristics  for  a  given  air¬ 
craft  characteristic  (see  3.3). 


3.2.2  Criteria  for  Pilot  Induced  Oscillation  (PIO) 

There  are  several  possible  sources  of  PIO,  which  are  delay  and  low  damping.  If  delay 
terms  are  present  and  exceed  a  certain  limit  (e.g.  >  0,4  sec)  the  damping  of  the 

"Strategic  term" 

(10a)  3*  -  (g*^  -  T.)  •  "fc 

will  decrease,  this  corresponds  to  a  smaller  Ka  or  higher  feel  spring  constant  to  hold 
the  slope  of  eq.  (7)  within  the  "good"  boundaries.  Also  the  pilot  is  able  to  decrease  Te 
to  a  certain  amount  since  C#  *  Tp  ♦  Ca,  and  at  least  a  certain  amount  is  compensated  by  a 
second  lead  term,  say  1  +  TA  8.  But,  delay  compensation  by  lead  is  known  to  be  never  sa¬ 
tisfactory.  The  rest  of  Ca  »  Tp  >tt,  which  is  a  system  given  delay  ~Ca,  will  cause  the 
filter  function  slope  (fig.  3)  to  exceed  the  given  limits,  if  its  value  is  too  high.  As  a 
result  Ca  Increases  the  PIO  tendencies  if  its  value  exceeds  0,3  sec. 

Since  is  one  criterion  for  PIO  tendency,  also  the  factor  of  eq.  (10a)  can  give 
rise  to  PIO.  h)j.  i«  dependent  on  if*,  Ka,  and  Tw,  the  neuromuscular  man-manipulator  lag. 
This  lag  should  be  -  according  to  Me  Ruur  /2/  -  as  low  as  0,1  seconds  or  smaller,  but  an 
adaption  of  T*  by  the  pilot  means  effort  and  therefore  decreases  his  handling  quality 
rating. 

Another  source  of  PIO  (high  frequency  bobble)  is  low  damping  5a  of  the  aircraft  in 
higher  energy  states.  If  the  pilot  must  adapt  to  it  by  means  of  low  gain  K*(s),  again  the 
slope  of  the  filter  function  will  exceed  the  "good"  limits  of  fig.  3.  K*(s)  corresponds 
directly  to  the  "droop"  phenomenon  described  by  Meal  and  Smith  /6/,  and  is  discussed  in 
the  following  chapter. 


3.2.3  "Droop"  Phenomena 

The  "droop*  described  in  /%/  depends  on  the  pilot's  ability  to  compensate  the  air¬ 
craft's  dynamics  by  lead,  lag,  or  gain.  The  result  of  this  analysis  is  that  the  gain 
factor  K*(s)  -  from  equation  (7)  -  which  is  a  feedback  transfer  function  necessary  tor 
the  exact  numerical  solution  of  the  problem  eq.  (4)  cannot  be  aligned  by  the  pilot  him¬ 
self  exactly  because  the  frequency  slope  of  X*(s)  shown  by  fig.  3-4  requires  too  much 
attention  and  knowledge  of  the  aircraft  and  environment  state,  and  is  sonstimes  blocked 
by  the  manipulator  system  characteristics.  Therefore  the  pilot  will  replace  the  frequency 
slope  by  a  constant  average  amplitude  IT*  of  K*(s)  over  the  interesting  frequency  range. 
This  factor  I*  automatically  gives  rise  for  a  "droop*  response  instead  of  the  Ideally 
flat  filter  response  which  is  only  true  for&a  £  1,0  in  real  cases. 


i 


3.2.4  Evaluation  of  an  Example 


Tabla  3-1  containa  a  data  sample  of  closed  loop  charactariatlca  for  four  Status  of  a 
choaan  aircraft.  Tha  four  status  aru  indicated  by  tbs  equivalent  aircraft  chkracturistlcs 
Ta,  Dm*  ')  v,  Ta  and  Ta*  which  wars  chosen  to  meet  tha  "CAP" -requirements  of 
MIL-F-8785B.  Ta  waa  sat  to  0,1  seconds ,  and  tha  pilot  variables  Ta,  Ty»  E,  K*  and 
K*(s)  rasp.  X*  ware  sat  for  each  of  tha  four  status  in  order  to  keep  tha  resulting  filter 
response  within  tha  limits.  This  response  is  shown  by  fig.  3-5,  which  demonstrates  tha 
"droop*  characteristic  using  X*,  and  phase  and  amplitude  shifts  according  to  Ta. 

This  example  now  is  analysed  in  order  to  extract  the  force-gradient  requirements  from 
the  variable  gain  terms  X/X"Ka. 


3.2.5  Nanoeuvering 


Manoeuver  inputs  of  the  pilot  are  -  according  to  a  widespread  opinion  -  actions  which 
open  the  closed  circuit.  Actually  this  nay  be  not  true.  If  the  hypothesia  (1)  can  be 
applied  also  to  hard  manoeuvre  inputa  -  and  without  doubt  the  pilot  has  to  keep  his  hand 
on  the  stick  in  such  moments  -  the  system  is  also  closed.  In  /%/  it  is  shown  that  accord¬ 
ing  to  fig.  3-2  another  feedback  mechanism  is  switched  on,  or  the  pilot  gain  is  now  Kp  in¬ 
stead  of  Kp/s.  This  means!  feedback  of  6  instead  of  0  (see  also  /7/).  After  /8/  the  closed 
loop  transfer  function  now  can  be  written  as 


(1  ♦  Tas) (1  ♦  Tva) (1  +  T9s)e"*e" 

(7a)  Fd,(s)  «  - — — — - 

K*  (s)  (1  +K/(K*Ke)W1  +  TffS )  ( 1  ♦  TaS  ♦  TJ’s') 


which  is  almost  identical  with  the  open  loop.  But,  here  the  gain  of  the  circuit  has 

changed  from  ££  to  - 1 - a —  ,  and  again  la  the  source  of  "droop"  phenomena. 

K*(S)  (1  +  *  l,) 

But,  in  this  case,  the  pilot  has  to  compensate  his  neuromuscular  lag  1  +  T*s  by  his  lead 
term  1  +  TaS,  if  this  is  necessary,  while  C»  is  decreasing  below  t^. 


3.3 


The  Derivation  of  the  Stick  Force  Gradient  Fa/nx  from  Validated 


I 


The  hypothesis  is  that  X/E*Ka  is  proportional  to  Fa/ns,  and  should  be  adjusted  by  the 
pilot  in  order  to  keep  the  system  response  within  the  stability  limits, 
we  have 

(11a)  a)  X  -  1  +  Kk  +  KpK„  (see  /3/,  also  fig.  3-1) 

b)  Ky  m  [jj]  *  gain  factor  of  force  sensor  feedback 


cl  •  j4r  [?is] 

-’■p-feC  [S] 


-  gain  factor  of  joint  sensor  feedback 


-  pilot  force  input  gain 


e) 

*e 

■  IpKcMv^A 

f) 

*C 

•V 

[.U 

*V 

48 

T  rad] 

9) 

h) 

*A 

»  is  set 

one 

i) 

*8 

k 

[tow] 

j) 

f» 

-  feel  force  gain 


■  tracking  error  threshold  gain  (4sa 
-  (e.g.i  display  gain) 


■  threshold 

angle  8) 


■  elevator  gain 


■  constant  average  amplitude  factor,  which  depends  mainly 
on6a,  and  ,  and  which  is  calculated  from  eq.  (8) 

I*  •  C /*•(«  -u>a)/,  C  i  1,0 


’>  ”a*t 


according  to  ch.  2  to  replace  ns4r 


Assumptions : 


*V 


■  146  N  (-  32  lb)  froa  MIL-P-8785  B 
-  30*  -  0,523  rad 

•  ,0,052  rad  (see  /8/) 

"  4  *  nf  *  tv  -  1  aac. 

_  p.  .  i 

b;mi  vi  — 


All  interesting  values  are  calculated  froa  eq.  (11a  -  j)  for  the  four  states  (&a  ■  1, 

2,  3.5  and  7  rad/sec)  and  inserted  Into  table  3-2  and  coapared  with  the  values  of  - 
found  in  the  analysis.  *  K« 


The  result  is  that  the  values  P,/na  calculated  froa  eq.  (11a  -  j)  have  a  trace  in 
fig.  3-6  which  is  in  accordance  with  MIL-P8785B  recommendations,  the  slope  of  which  is 
not  linear. 


Another  exaaple  which  has  been  described  in  /8/  is  shown  by  fig.  3-7.  This  exaaple  has 
Tp-,  and  fc)a-values  which  are  nearer  to  CAP  -  1,0,  and  for  which  Fcl(*>  satisfies  also 
the  requireaents  of  fig.  3.  Aircraft  characteristics  of  this  exaaple  have  been  selected 
by  aeans  of  the  Northrop-requireaents  published  by  Gallagher  and  Nelson  /1 1/.  The  P-/ns- 
range  of  the  Northrop  criteria  are  shown  in  both  figures  3-6  and  3-7  as  an  optiaal  area. 


3.4  Conclusions 

It  has  been  deaonstrated  that  closed  loop  analysis  including  a  physiological  proven 
pilot  model  has  the  power  of  exact  prediction  of  Fg/ns-values  by  use  of  the  bandpass  fil¬ 
ter  criteria. 

A  coaparison  of  this  aethod  with  siailar  aethods  published  by  other  authors  (e.g.  R. 
Hess  /1 2/ ,  /1 3/)  showed  that  the  application  of  an  appropriate  pilot  aodel  is  very  im¬ 
portant  and  gives  rise  to 'more  new  handling  criteria  with  predictive  power.  As  it  was 
proven  in  /1 3/,  the  closed  loop  analysis  is  the  area  of  aore  insights  into  the  various 

handling  quality  criteria  depending  on  each  other.  Manoeuver  handling  criteria  aay  be 

based  on  open  loop  analysis  further,  or,  as  was  deaonstrated  here  on  quasi-open  loop 

analysis  which  was  performed  effectively  in  the  past. 

Other  stick  requireaents  are  also  iapllcitly  present  in  this  analysis.  The  Fs/n.- 
values  have  been  calculated  in  para.  3.3  for  the  heavy  centerstick  only.  In  fact,  *aini- 
stick*  configurations  will  be  preferred  for  future  fighter  aircraft  (center  or  side  loca¬ 
tion)  which  is  indicated  by  the  coaaents  on  eq.  (4)  dealing  with  the  requireaent 

"a  -  3,5  Wnsp 

This  aeans  that  the  undaaped  resonance  frequency  of  the  aan-aanipulator  systea 

■  -//¥ 

should  be  that  of  a  light-weight  stick  with  high  feel  spring  constant  C*,  engaged  prefer¬ 
ably  by  the  hand  only  while  the  ara  is  at  rest.  Values  of  Fsaax  as  are  required  for  the 
calculations  (11a  ...  1 1 J )  need  careful  investigations  before. 
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Table  3-1  Calculated  data  for  four  states  of  an  equivalent  aircraft 
(see  frequency  responses  of  fig.  S) 
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Table  3-2 i  values  of  Ps/ns  calculated  from  the  values  of  for  the  example  aircraft 

in  ch.  3.2.  R  *• 


-  5 : Proposed  short-period  criterion.  Pig.  2  -  6 :Nichols  plots  of  level  -1 

conditions . 


CSNTRAL  NERVOUS  SYSTEM  MWAL  CHORD  NEUROMUSCULAR  SYSTEM 


-  1:  Quasilinear  precision  model  of  the  human  controller  (P.Bubb,/1/) . 


Control  strntosy 


2t  Closed  loop  of  the  pilot-aircraft  system  with  "dual  control  mode"  feedback 


•Droop  criterion 
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David  0.  dttekiUi  Staff  fcg  loser,  Saaaareh 
Systems  Technology,  Inc- 
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Hawthorn#,  CA  90230 

John  Hodgklnaoa,  Salt  Chlaf,  Technology 
McDonnell  Aircraft  Co. 

P.  0.  Boa  516 
St*  Louia,  MO  63166 


A  criterion  to  dlacrlainata  botwaon  daalrabla,  acceptable,  and  unacceptable  handling  qualities  for 
highly  augmented  airplane#  la  preaentad.  The  criterion  la  baaed  on  an  old  and  wall  accepted  Idea;  namely, 
that  bandwidth  la  a  hay  aaaaure  of  tha  quality  of  an  airplane 'a  handling  characterlatica  In  a  tight  track¬ 
ing  altnatlon*  Correlation#  are  made  ualng  recant  experimental  data  for  pitch  attitude  control.  Poeelbla 
ahortcoalnga  of  the  criterion  are  also  dlocuaaad* 


The  criterion  preaentad  la  thle  paper  originated  from  an  old  and  wall  accepted  Idea.  Namely,  that  a 
meaaure  of  tha  handling  qualltlaa  of  an  airplane  la  lta  reaponaa  characterlatica  whan  operated  la  a  cloeed 
loop  companaatory  tracking  teak.  Tha  maximum  frequency  at  which  aoch  cloaed  loop  tracking  can  taka  place 
without  threatening  atablllty  la  referred  to  aa  "bandwidth"  It  followa  that  alrplanae  capable  of 
operating  at  a  large  value  of  bandwidth  will  have  auperlor  performance  when  regulating  agalnat  distur¬ 
bances. 


When  flying  an  aircraft  with  low  bandwidth,  tha  pilot  flnda  that  atteapta  to  rapidly  mtnlmlae  tracking 
errora  reault  In  unwanted  oaclllatlona.  Ha  la,  therefore,  forced  to  "bade  off"  and  accept  eoneehat  leea 
performance  (larger  and  mere  aoatalned  tracking  errora) .  It  la  not  difficult  to  Imagine  a  clear  cut 
preference  on  tha  part  of  pllota  for  aircraft  with  lncraaaed  bandwidth  capabllltlea.  In  thin  paper,  a 
quantitative  definition  of  bandwidth  la  formulated  and  a  handling  quality  criterion,  correlated  with  a 
relatively  large  data  baaa,  la  proponed. 


Aa  mentioned  above,  the  concept  of  ualng  bandwidth  la  not  new.  The  moat  recent  utilisation  of 
width  waa  In  the  Heel-Smith  criterion  (aee  Baf.  1).  Thle  criterion  conalata  of  a  grid  of  the  cloaed  loop 
pitch  attitude  reaouanca  |8/9,l_,  vs.  pilot  aquallaatlon  for  a  piloted  doe  ore  daelgnad  to  achieve  a  awe 
clflod  bandwidth.  Experience  with  this  criterion  has  shown  that  tha  rwaulta  can  be  aaaeltlve  to  the 
selected  value  of  cloaed  loop  bandwidth.  The  criterion  auggeeted  la  thle  paper  utlllaaa  the  maximum  value 
of  bandwidth  achievable  without  threatening  atablllty,  thereby  removing  the  aoceasity  for  aelectlag  a 
value  for  a  priori. 

Another  criterion  utilising  bandwidth  was  euggested  la  Baf.  2.  This  criterion  alao  eelected  a  fixed 
value  of  bandwidth  (1  rad/sac  for  power  approach) .  It  utilised  tbs  phase  margin  Ag  and  slope  of  the  phase 
curve  dq/dw  at  the  selected  bandwidth  frequency  as  a  correlating  parameter, 
that  the  fixed  value  of  bandwidth  limited  application  of  the  criterion. 


Moot,  If  not  all,  familiar  handling  quality  metrics  axe,  lx  fact,  a  measure  of  bandwidth, 
these  metrics  tend  to  apply  for  clasalcal  airplanes  which  can  be  characterised  by  lower  eider  systems. 
For  example,  tha  short  tern  pitch  response  of  a  clasalcal  airplane  Is  well  represented  by  the  familiar 
approximation  (see  Baf.  3) 


6 


a(e*  +  ZCapSpS  ♦  agp) 


(1) 


It  la  easily 
latloa  depend 
right  half  ( 
period 
frequency  ( 


for  thle  (aad  similar)  transfer  fmactloa(s)  that  tha  quality  of  closed  loop  error 
on  tha  pilot's  ability  to  increase  the  abort  period  root  (tm)  without  driving  It 
i table)  piano.  Aa  illustrated  by  tha  generic  sketches  la  ng.  1,  aircraft  with  low 
(Can)  am d/or  low  short  period  frequencies  (•„)  tend  to  became  unstable  at  low 
re  Fig.  la  and  lb). 


tha 

art 

of 


Consider  tha  bandwidth  frequency,  egg,  as  occurring  at  some  (for  now)  arbitrary  margin  below  the  f ro¬ 
of  Instability  (aee  fig.  1).  It  can  be  seen  from  fig.  1  that  ngg  depends  uniquely  on  C-  end 
1/Tg..  Nance,  these  familiar  flying  quality  metrics  ate,  la  fact,  a  measure  of  bandwidth.  Agaa  we  make 
the  point  that  bandwidth  la  ant  a  mew  Idas. 

The  present  Impetus  for  using  wgg  as  a  criterion  evolved  from  attempts  to  develop  a  flylag  quality 
specification  for  aircraft  utilising  tmcooveatlooal  reaponaa  modes  with  direct  force  controls  Mage  level 
tame,  pitch  pointing,  etc.)  (Hof.  4).  The  Infinite  variety  of  responses  which  could  ooeur  dea  to  coupl¬ 
ing  within  and  between  axaa  made  It  accessary  for  us  to  retreat  to  a  more  fundamental  metric.  Which  tamed 
out  to  bo  bandwidth. 
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lh*  bandwidth  («gg)  w  defined  for  handling  quality  crltarlon  purpoaa*  la  On  fraqoancy  at  Which  tha 
phaaa  nargln  la  43  dag  or  tha  gala  aargln  la  6  d>,  nhlchavar  fraquancy  la  loaar  (Pig*  2)  •  In  ardor  to 
apply  thla  daflnltlon,  ona  flrat  datarnlnaa  tha  fraqoancy  for  aantral  atahlllty  froai  tha  phaaa  portion  of 
tha  Bod*  plot  (*tn).  Tha  aast  atap  la  to  aata  tha  fraquancy  at  able*  tha  phaaa  nargln  la  43  dag.  Thla 
la  tha  bandwidth  fraquancy  aa  da flood  by  phase,  wgu  .4  finally,  nota  tha  aaplltuda  norraapandtag  to 
WjgO  and  add  4  d*.  find  tha  fraquancy  at  which  thlovalue  occur*  on  tha  aaplltuda  curvet  call  It  •ta-j,* 
Tha  bandwidth,  U  tha  laaaar  of  ,  and  ugg  If  Ugg  -  au,1)|Tt.  tha  ayatan  la  aatd  #> he 
phaaa  nargln  llnltad.  On  tha  other  hand/lf  n^,  ■  ugg _  tha  ayatan  la  galc  aargln  Halted!  that  la,  tha 
aircraft  la  drlvan  to  aautral  atahlllty  whan  tha  pilot  lacraaaaa  hla  gain  by  4  d*  (a  factor  of  2).  Cain 
nargln  llnltad  aircraft  nay  have  a  groat  dual  of  phaaa  aargln  4k,  but  lncraaalng  tha  gal*  alight ly  eauaaa 
4k  to  dacraaaa  rapidly.  Such  ayataua  ara  charactarlaad  by  fraquancy  raaponaa  aaplltuda  plot*  which  at* 
flat,  coahlaad  with  phaaa  plot*  which  roll  off  rapidly,  aneb  aa  ahawu  la  Pig*  2* 


Several  aata  of  data  aura  correlated  with  bandwidth  owing  tha  above  daflnltlon.  A  typical  moult  Is 
ahown  la  Pig*  3  utlllilng  the  data  Iron  Kaf.  1.  While  there  la  a  definite  pilot  rating  trend  with  o_, 
tha  acattar  for  bandwidth*  between  2  and  4  rad/aec  doe*  not  allow  quantitative  definition*  of  flying 
quality  larval* •  A  detailed  analyala  of  the  pilot /vehicle  cloauru  eharactarlatlca  waa  node  tor  configure* 
tlona  10  and  21.  Thla  ona  dona  to  datamlna  why  than*  two  configuration*  with  nearly  equal  w-g  would  havo 
aueh  a  large  dlf faranca  in  pilot  rating*  (4  and  t  raapactlvaly) •  lh*  da  tailed  pilot  vehicle  cloauru*  am 
ahown  In  Plga*  4a  and  4b*  lh*  value  of  bandwidth  la  aeaa  to  be  about  tha  aana  for  both  uaaaa.  gowuvar. 
If  tha  pilot  warn  to  track  vary  aggraaalvaly  by  further  lucre**  lag  hla  gala  (to  operate  at  f requeue  tea 
above  ugg)  Configuration  10  would  only  b*  unatabl*  for  very  high  pilot  gain*  whanaa  S  would  rapidly 
bacon*  unatabl*  (coupam  the  root  lod  la  Plga*  4a  and  4b).  Thla  behavior  la  predictable  free  tha  phaaa 
curve*.  In  particular,  Configuration  ID  haa  a  phaaa  curve  which  mil*  off  vary  gradually  at  large  value* 
of  fraquancy  wharoo*  the  phaaa  far  21  drop*  off  rapidly  a*  tha  frequency  la  lnaraaoad  above  •»«  It  la 
aot  anrprialng  that  thla  caaa  (21)  mealvad  a  poor  pilot  rating  (R4)  ooualdurlug  that  attanpta  at 
aggraaalv*  tracking  rwawlt  la  a  clouud  loop  dlvorganea*  Sane*,  at  harm  wvldano*  that  Mm  ability  of  tha 
pilot  to  attain  good  eloood  loop  mgnlatlon  wlthont  thmatanlng  atahlllty  depend*  —  only  aa 

1)  The  vain*  of  bandwidth,  a^i  but  a  1*0  an 

2)  lh*  ehapa  of  tb*  phaaa  carve  at  ftnq— nalnn  ahom  «g* 


Bandwidth  Is  th#  Issssr  of  two  frtquoncios  “ow***,  and 

-  U.  I.  ^  I  /T.  U'V 


e  m  * 

8  *(**  +  2C*p"*p*  +  w*p) 


Gain  margin 
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tap  Id  rolloff*  in  phase  ar*  wall  rapraaantad  by  •  pur*  tin*  daisy  a~^M.  Accordingly,  both  of  tha  bay 
factor*  notad  abova  will  bo  accounted  for  by  plotting  pilot  rating  data  on  a  grid  of  *H  va.  t.  This  la 
don*  for  tha  Baf •  1  data  (which  ana  plotted  va.  Ugy  alona  la  Pig.  3)  aa  ahown  la  Pig.  3.  Th*  acattar 
la  aaan  to  b*  conaldarably  raducad  and  th*  data  ara  raaaonably  wall  aaparatad  lata  Laval  1.  2,  and  3 
regions*.  Tha  valuaa  of  t  uaad  in  thla  plot  war*  obtained  froa  lower  order  equivalent  ayatan  fits  of  the 
higher  order  ayateai  tranafer  function*  (lef.  3).  Th*  lower  order  equivalent  ayatan  form  want 


1  ♦  i/Te.)^* 

*  "  a*  +  2Ca*Ja  +  wj{  <2> 

Thla  la  an  uoaeceaaarlly  complex  way  to  obtain  a  aaaaur*  of  tha  ahape  of  th*  phaa*  curve  above  *».  A 
auch  alapler  approach  la  to  not*  that  tha  change  In  phaa*  due  to  a  tin*  delay  la  a  linear  function  of  fre¬ 
quency,  l.e.  dp  -  tw.  To  Che  extent  that  th*  rolloff  In  phaa*  beyond  -180  deg  can  be  attributed  to  ts 
In  Eqn.  2,  w*  can  eatlaat*  T,  In  th*  vicinity  of  a on*  frequency  “j  aat 


♦l  +  180° 

TP  "  *  37.3*1 


(3) 


Where  *i  la  aone  frequency  greater  than  th*  frequency  for  neutral  atablllty  and  die  symbol  Tp  repreaenta 
the  eatlaat*  of  t,-  Correlation*  between  T,  and  Tp  for  th*  conblnad  Kef.  1  and  <  data  reeulted  la  a  cor¬ 
relation  coefficient  of  0.96.  Thus,  there  la  vary  good  evidence  that  can  be  used  In  place  of  Ta  In 
Pig.  3  as  shown  In  Pig.  6.  These  results  ar*  reasonably  encouraging  with  tha  exception  of  a  number  of 
Level  2  rating*  at  high  values  of  bandwidth.  The  abbreviated  pilot  comment*  (taken  froa  Kefs.  1  and  7) 
Indicate  that  abruptness  and  ovsrsenaltlvlty  become  a  problem  whan  muy  la  large.  This  was  especially  true 
of  the  Ref.  7  pilot  ratings  (given  In  parenthesis  In  Pig.  6)  A  possible  upper  boundary  on  w_y  Is  shown  In 
Pig.  6  to  account  for  this  problem.  This  boundary  la  considered  tentative  because  th*  Issue  of  over- 
responelvenesa  Is  not  completely  understood  at  thla  time.  A  broader  data  baea  la  felt  to  be  necessary  to 
verify  tha  reaults  concerning  an  upper  Halt  on  ttgy. 

In  th*  air-to-air  tracking  experiment  reported  la  Kef.  4,  an  upper  limit  on  *-.  could  not  be  estab- 
llahed  for  th*  vlngs-lsvel  turn  maneuver.  Thee*  data  are  shown  In  Pig.  7  where  Ugy  fs  the  bandwidth  of  eh* 
heading  response  In  th*  vlngs-leval  turn  nod*.  (The  vlngs-lsvel  turn  nod*  consisted  of  rnmmaniMng  yaw 
rat*  changes  with  the  rudder  pedals  with  taro  bank  angle.  This  was  mad*  possible  by  the  use  of  a  direct 
side  force  control) .  There  does  seen  to  be  a  trend  towards  acceptance  of  abruptnesa  when  tracking  a 
target  aircraft.  Tor  example.  Configuration  13  In  th*  Kef.  1  experiments  was  rated  7  and  S.S  due  to 
"excessive  sensitivity."  However,  In  th*  followup  experiment  (Kef.  7)  with  a  target  aircraft.  Configura¬ 
tion  13  was  rated  a  2  on  two  separata  evaluations.  At  first  glance  this  would  seem  to  be  an  Idiosyncrasy 
of  different  pilots  and  a  different  experiment.  However,  tha  target  aircraft  was  removed  during  tha 
Ref.  7  experiment  and  tha  rating  went  from  2  back  up  to  7  (see  0  In  Pig.  6). 

The  data  correlations  In  Pig.  6  represent  up  and  away  flight  and  ar*  appropriate  for  generating  boun¬ 
daries  for  Category  A  In  KIL-P-8785C  (Kef.  8).  Data  for  Category  C  (approach  and  landing)  may  be  found  In 
Ref.  6.  These  data  ara  correlated  with  mgy  and  t  In  Pig.  8.  The  upper  boundary  on  m^  for  Level  1  la 
considered  tentative  for  tha  raaaona  discussed  above. 

nggnu  amccMnng 

Definition  of  ugg  for  Shelf -Lika  Praqaaney  Kaepnme* 

Response*  which  ar*  galn-margln-llmlted  tend  to  have  shelf -Ilk*  amplitude  plot*  as  ahown  In  Pig.  9. 
With  auch  system*  a  small  Increaaa  In  pilot  gain  results  In  a  large  change  la  crossover  frequency  and  a 
corresponding  rapid  decrease  In  phase  margin.  Th*  decrease  la  phase  margin  becomes  critical  for  attitude 
control  whan  T_  la  aodarately  large  (of  order  0.1  to  0.2).  Th*  two  configuration*  ahown  In  Pig.  9  ar* 
taken  from  th*  Kef.  6  experiment.  Applying  tha  previously  discussed  definition  of  bandwidth,  we  flmd  that 
both  Configuration  3-6  and  5-7  ar*  gala  swrgla  limited.  Both  configuration*  suffer  from  the  sasm  defi¬ 
ciency,  l.e.,  moderate  values  of  Ta  combined  with  a  ahelf-llke  amplitude  curve  which  results  in  a  very 
rapid  decrease  In  phase  margin  with  small  changes  In  pilot  gain.  However,  tha  6  d>  limit  selected  to 
define  mgg  lQ  does  not  "catch"  Configuration  3-6.  While  thla  configuration  la  correctly  predicted  to  be 
j  Level  2  (Hi  -  6)  on  the  basis  of  t  (see  Pig.  8)  th*  value  of  m_.  la  la  tha  Level  I  region,  lad  wa  picked 

a  slightly  higher  value  of  gain  angla  to  define  Uyp  the  bandwidth  for  Configuration*  3-8  and  3-7  would 
be  approximately  equal.  However,  because  of  tha  nature  of  shalfllk*  frequency  reap omasa,  there  will 
always  be  a  case  which  can  "tool"  th*  criterion.  An  experienced  handling  qualities  engineer  would  Immedi¬ 
ately  recognise  th*  shelf like  Asp*  and  moderate  t  as  a  significant  deficiency.  However,  the  parpens  of  a 
criterion  la  to  eliminate  auch  judgaawnt  calls,  nonetheless,  it  la  not  expected  that  this  idiosyncrasy 
I  will  result  la  problems  with  correlating  or  predicting  pilot  rating  data  (aaemueh  aa  moderate  (Level  I) 

valuaa  of  t  are  required  to  get  a  rapid  phase  rolloff  la  a  frequency  region  Were  th*  amplitude  curve  Is 
flat.  p 


Sore  Laval  1  *  PR  <  3-1/2)  Laval  2  *  3-1/2  <  TR  <  6-1/2)  Laval  3  ♦  ft  >  6-1/2 
where  ft  refer*  to  th*  Cooper  larger  pilot  rating  scale. 
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■  I  was  taken  an  twice  tha  aawtral  atablllty  fra  qua  nay,  1.*.,  *j  -  3w|M.  Warn 
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Plot  Combined  with  Moderate  Taloee  of  ip 


■tgg  and  t  are  eaally  obtained  when  the  frequency  reaponaaa  are  available.  However,  the  frequency 
reaponaea  thajaelvaa  anat  be  obtained  free  ■  Initiation  or  flight  teat  data  —  e.g  •,  aa  In  the  caaa  of  the 
Mat.  4  flight  teat  of  Direct  Force  Control  node*-  la  that  prog ran.  It  wee  found  that  excellent  frequency 
reaponaea  could  be  obtained  by  feat  Fourier  tranaforelag  flight  teat  data.  In  particular,  pilot  generated 
frequency  aveepe  worked  very  well.  A  typical  frequency  eweep  and  the  reaultlng  lode  plot  are  abeam  in 
Plge.  10  and  11  raapectlvely-  The  lnatrunentatlon  required  to  obtain  thla  data  waa  ulnlnal,  conalatlng  of 
a  yaw  rate  gyro  and  pedal  poeltlon  traaaducer.  Hone  the  laaa,  the  data  auet  be  aanlpulatnd  (via  a  lhat 
Pourler  tranaforu  conpnter  progran)  which  la  lane  daalrabla  than  reading  paraaetera  off  a  tin*  reaponae. 
However,  the  pronlae  of  a  unlvereally  applicable  paraaeter  which  werka  for  highly  augmented  alrplaaea  and 
la  eaally  Interpreted  In  tana  of  the  pilot  cloned  loop  behavior  aeaa*  an  acceptable  price  to  pay  for  a 
alight  lacreaae  In  coaplexlty  to  define  die  paraaatera. 


bandwidth  hea  been  above  to  be  aa  effective  paraaeter  to  dlacrlalnate  between  level  1,  2,  and  3  handl¬ 
ing  qualitlaa  for  highly  augaanted  alrplaaea.  It  ana  found  that  the  ehape  of  the  phaae  curve  above  w_j  la 
a  key  factor.  Accordingly,  the  final  criterion  lnvelvea  bounder lee  drawn  on  a  grid  of  Ug,  va«  t  ,  Kara 
t  la  an  eatlaate  of  the  pure  tin*  delay  and  la  wood  bate  to  define  the  phaae  curve  ahape  for  a  > 

Pilot  rating  data  hea  been  correlated  for  pitch  attitude  control  and  for  a  wlage  level  turn  direct  force 
control  node  with  good  reaulta.  However,  there  are  none  quaatlona  that  need  to  be  ana  wared  before  It  can 
be  concluded  that  the  criterion  la  unlvereally  applicable  la  Ita  prevent  fora. 
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SUMMARY 

This  paper  describes  the  problems  which  occur  in  applying  the  existing  MIL-F-8785C 
Short-Period-Frequency  Requirements  to  DLC-enhanced  aircraft  in  flight  path  control  situ¬ 
ations.  Recent  test  results  indicate  that  the  MIL-Spec.  boundaries  are  only  pitch  related 
and  not  applicable  to  path  control  problems. 

Further,  based  on  DLC  investigations  carried  out  with  the  DFVLR- HFB- 320  In-Flight- 
Simulator  a  new  generalized  flight  path  control  criterion  is  proposed. 

This  criterion  considers  the  multiloop  landing  approach  situation  characterized  by 
the  pitch  inner  loop  and  the  altitude  outer  loop.  The  criterion  philosophy  is  based  on  the 
frequency  separation  of  the  two  control  loops  necessary  for  good  handling  characteristics. 
In-flight  simulation  indicates  that  this  frequency  separation  is  reduced  by  direct  lift 
control,  which  leads  to  severe  handling  problems,  especially  for  aircraft  with  poor  pitch 
dynamics.  The  flight  path  to  pitch  attitude  phase  at  the  frequency  of  pilot-closed  inner 
loop  was  selected  as  criterion  parameter  in  representing  the  pitch/heave  harmony  or  loop 
separation.  This  phase  criterion  is  suitable  for  conventional  or  DLC-enhanced  aircraft. 

A  simple  conversion  to  the  MIL-uJ  /n/a-criterion  for  conventional  aircraft  is  possible 
if  n/a  is  interpreted  as  -Zo/g.  nsp 

In-flight  investigations  carried  out  by  DFVLR  using  a  rate  command/attitude  hold 
(RC/AH)  system  to  augment  pitch  inner  loop  show  that  the  pilot  exhibits  discrete  control 
behaviour  and  open  loop  type  control  techniques.  In  general,  RC/AH-systems  lead  to  very 
low  pilot  activity  and,  combined  with  DLC,  flight  path  control  is  improved.  Due  to  thiB, 
new  systems  oriented  handling  qualities  criteria  have  to  be  developed. 


1 .  INTRODUCTION 

The  relatively  recent  implementation  of  complex  control  systems  incorporating  high 
authority  and  extensive  command  and  stability  augmentation  into  current  aircraft  leads  to 
the  requirement  for  new  or  revised  handling  qualities  criteria  development. 

In  a  number  countries  significant  research  has  been  undertaken  to  solve  these  problems. 
The  contents  of  this  paper  will  be  adressed  to  the  very  specific  problem  of  precise  flight 
path  control  of  large  transport  aircraft  on  landing  approach. 

In  particular,  the  handling  qualities  investigations  related  to  direct  lift  control 
(DLC)  application  for  flight  path  control  enhancement  carried  out  by  DFVLR  with  the  HFB  320 
in-flight  simulator  C1-7  3  have  resulted  in  better  understanding  of  pilot/vehicle  behaviour 
in  path  control  situations  and  have  led  to  a  new  flight  path  control  criterion  proposal. 
Covered  in  this  paper  are  only  DLC-systems  acting  as  manoeuvre  enhancement  devices  due  to 
pitch  inputs  (pitch-path  coupling) .  Systems  decoupling  pitch  or  path  show  completely  diffe¬ 
rent  control  behaviour  compared  with  conventional  aircraft  and  therefore  lead  to  the  require¬ 
ment  for  special  handling  qualities  criteria  C2,  83. 


2.  FLIGHT  PATH  CONTROL  PROBLEM 

Large  transport  aircraft  development  shows  a  trend  toward  lower  n/a-values  due  to  high 
wing  loading,  which  leads  to  sluggish  flight  path  (altitude)  response  (a.  fig.  1).  Handling 
quality  problems  arise  particularly  during  the  landing  approach,  where  precise  flight  path 
control  is  required.  To  overcome  these  problems  the  application  of  direct  lift  control 
appears  to  offer  a  promising  solution.  DLC  has  been  discussed,  investigated  and  partly  reali¬ 
zed  during  the  last  15  years,  so  it  is  not  new.  But  an  appropriate  handling  qualities  crite¬ 
rion  which  is  able  to  describe  the  flight  path  control  factors  influencing  pilot  opinion  in¬ 
dependent  of  system  design  is  still  nonexistent. 

So  DFVLR  investigations  have  been  directed  toward  the  development  of  a  general  flight 
path  control  criterion  which  can  be  used  for  both  conventional  and  direct  lift  enhanced  air¬ 
craft. 
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Today  the  only  abort  period  flight  path  control  criterion  specified  In  the  KIL-r-8785  C 
C83  addresses  the  short-period  frequency  and  vertical  acceleration  sensitivity  requireawnts , 
which  give  a  relationship  between  pitch  and  vertical  acceleration  aircraft  response.  In  the 
past  these  requirements  have  been  verified  in  many  applications  for  conventional  aircraft. 

It  is  well  known  that  the  parameters  as  defined  in  the  manoeuvre  criterion  cannot  be 
used  adequately  for  DLC-systems  because  vertical  accelerations  can  be  produced  by  DLC  with¬ 
out  angle  of  attack  variations,  so  that  the  n/a-value  approaches  infinity. 

Nevertheless,  all  the  flight  path  control  related  'knowledge'  inherent  in  the  manoeuvre 
criterion  boundaries  should  be  used  for  a  new  criterion  by  using  a  new  more  generalised  para¬ 
meter  than  n/a. 

However,  the  data  evaluation  of  DFVLR  DLC- investigations  and  the  attempt  to  correlate 
the  results  with  the  manoeuvre  criterion  boundaries  led  first  of  all  to  the  unexpected  result 
that  the  manoeuvre  criterion  boundaries  are  not  representative  of  flight  path  control  or  ver¬ 
tical  acceleration  boundaries.  What  the  manoeuvre  boundaries  really  are  and  how  the  misin¬ 
terpretation  occured  will  be  discussed  in  the  next  chapter. 

3.  A  CRITICAL  REVIEW  OF  THE  MIL-F-8785 C  SHORT-PERIOD-FREQUENCY  REQUIREMENTS 
3.1  LIMITATIONS  IN  MIL-SPEC.  PARAMETERS 

The  manoeuvre  criterion  of  the  MIL-F-8785  C  is  based  on  the  CAP-Criterion  established 
by  Bihrle  C103.  Bihrle  used  the  ratio  of  initial  pitch  acceleration  to  steady  state  load 
factor  9.  ./An  as  a  flying  qualities  criterion  parameter  (CAP)  for  aircraft  manoeuvering, 
which  correlat8Bswell  with  pilot  ratings. 

To  simplify  criterion  application  the  above  CAP  was  replaced  by  the  'equivalent'  air¬ 
craft  related  .parameter  u  2/n/a.  This  'equivalence'  was  obtained  by  purely  formal  computa¬ 
tion  using  short  period  approximation  valid  for  conventional  aircraft  with  negligible  con¬ 
trol  system  dynamics. 

This  approximation  was  implemented  in  the  MIL-Specifications  which,  in  retrospect,  was 
overly  restrictive  because  this  parameter  narrows  down  the  application  much  sore  than  the 
basic  CAP  formulation.  Further,  the  Equivalent  Systems  Approach  for  highly  augmented  air¬ 
craft  Cl  11  is  based  upon  this  equivalent  parameter  to  comply  with  the  MIL-Specification, 
comparing  equivalents  of  equivalent  values.  As  a  result,  the  general  problem  related  to  the 
use  of  <onSpZ/n/a  remains  unresolved  by  this  approach. 

In  general,  the  manoeuvre  criterion  parameter  n/a,  as  shown  in  figure  2,  has  been  in¬ 
terpreted  as  a  parameter  influencing  mainly  the  short  period  flight  path  response.  The 
lower  n/a-boundary  has  been  selected  to  characterize  unacceptable  flight  path  control,  n/a 
is  explicitly  defined  as  acceleration  sensitivity  by  MIL-F-8785  C.  The  prequisites  for  the 
validity  of  equivalent  parameters  are  the  following  relationships  between  pitch  dynasties, 

CAP  and  flight  path  response  due  to  pitch  input. 
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The  numerator  time  constant  Tg_  in  the  short-term  pitch  rate  response  (Bq.  (1)) 
physically  represents  the  pitch  rate  overshoot  behaviour. 

In  addition,  Tgj  physically  represents  vertical  acceleration  sensitivity  n/a  (Bq.  (2)) 
and  the  short-term  flight  path  lag  due  to  pitch  inputs  (Bq.  (3)). 


Now,  for  advanced  control  ay atoms  the  pitch  rate  overshoot  behaviour  can  be  changed 
independently  of  flight  path  lag.  Further,  through  DLC  application  flight  path  lag  will 
be  changed  without  changing  the  pitch  rate  overshoot.  Therefore,  the  important  relation¬ 
ship  (V0/g)  ( 1 /Tf  .j )  -  n/a  on  which  the  manoeuvre  criterion  is  based,  is  invalid. 

Because  in  the  MIL-Spec .  n/a  has  the  physical  meaning  of  vertical  acceleration  sen¬ 
sitivity,  the  independent  influence  of  pitch  rate  overshoot  (numerator  time  constant  T--) 
cannot  be  accounted  for. 

This  problem  does  not  exist  using  the  original  CAP  definition  due  to  the  fact  that 
the  influence  of  the  numerator  time  constant  is  included  in  initial  pitch  acceleration 
response.  Using  DLC,  independent  n/a-varlations  are  possible  with  either  n/a  going  to 
infinity  (this  would  not  be  a  problem  using  the  original  CAP  definition  n /«)  or  steady 
state  n/a  remaining  unchanged.  However,  high  frequency  vertical  acceleration  response 
(s.  figure  3)  might  lead  to  unacceptable  response  characteristics,  an  effect  Which  cannot 
be  covered  by  the  MIL-Spec.  requirements. 


3.2  EQUIVALENT  SYSTEMS  APPROACH 

With  the  Equivalent  Systems  Approach  for  longitudinal  control  the  essential  charac¬ 
teristics  of  the  higher  order  system  are  represented  by  a  lower  second  order  system  till. 
Using  a  Bode  plot  matching  technique,  the  two  equivalent  parameters  equivalent  frequency 
Una  and  equivalent  steady  state  load  factor  due  to  angle  of  attack  n/a-  are  computed.  In 
addition,  an  equivalent  time  delay  is  used  to  match  the  phase  lag  of  higher  order  systems. 

Equivalent  parameters  can  be  used  on  existing  manoeuvring  criterion.  But  matching 
problems  occur  by  using  basic  aircraft  n/a  with  VT92  fixed  or  free.  With  1/Te2.  free, 
and  computing  n/a  as  equal  to  VQ/g  (t/Te2e)  9°°d  correlations  cure  obtained  but  with  phy¬ 
sically  meaningless  n/ae-values.  By  A'Harrah  r  1 23  it  was  concluded  that  not  n/a  but  1/T-. 
is  the  appropriate  parameter,  which  actually  means  that  n/a  is  an  equivalence  for  pitch” ^ 
rate  overshoot.  But  this  is  in  contrast  to  the  MIL-F-878S  c  definition  of  n/a.  To  overcome 
the  problem  of  getting  physically  meaningless  n/a-values,  A'Harrah  1 133  proposed  staking 
simultaneous  matches  of  normal  load  factor  and  pitch  rate  characteristics  to  provide  values 
of  equivalent  n/a  which  are  more  in  line  with  wind-tunnel  derived  values  than  are  the  pitch 
rate  only  match  values. 

However,  this  again  generates  tike  old  confusion  of  whether  */T02  or  n/a  is  the  appro¬ 
priate  parameter.  For  future  applications  of  the  manoeuvre  criterion  this  question  must  be 
definitively  answered.  Due  to  our  own  research  there  is  substantial  experimental  support 
for  selecting  the  numerator  time  constant  as  the  correct  parameter.  This  will  be  verified 
in  the  next  chapter. 


3.3  PHYSICAL  INTERPRETATION  OF  MIL. -SPEC.  PARAMETERS 


At  first  the  u>nsp  and  n/a-data  of  thirty  existing  aircraft  on  landing  approach  were 
computed  and  compared'with  the  manoeuvre  criterion.  This  result  is  illustrated  in  figure  4 
showing  that  the  n/a-value  variations  comparing  similar  sized  aircraft  are  minor. 


The  differences  are  caused  mainly  by  different  pitch  inertias  between  small  to  large 
aircraft.  The  same  results  can  be  obtained  by  using  the  simple  approximation 
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This  shows  that  in  landing  approach,  physically  possible  valuss  vary  only  between 
3  and  6  for  CTOL  transport  aircraft,  n/s-values  below  3  are  impossible  for  aireraft  with 
aerodynamic  lift.  Further,  the  figure  show  that  larger  aircraft  tend  to  have  lower  pitch 
dynamics  than  low  n/a-values. 

It  seems  to  be  very  unlikely  that  n/a  could  have  a  big  influence  on  handling  quali¬ 
ties  compared  with  pitch  dynamics  (short  period  frequency)  because,  due  to  physical  reaaona, 
the  n/a-values  are  nearly  identical  for  similar  sised  aircraft. 

A  comparison  of  the  pure  pitch  criterion  from  Neal-Smith  cl 43  and  the  manoeuvre  crite¬ 
rion  over  a  wide  range  of  aircraft  parameters  is  shown  in  figure  5.  This  figure  shows  that 
the  Meal-Smith  boundaries  correlate  very  well  with  the  manoeuvre  criterion  boundaries. 

The  Neal-Smith  lead/lag-sero  line  is  within  the  MIL- boundaries ,  the  upper  boundary 
correlate  with  oversensitive  (phase  lag  >  20  deg)  aircraft  behaviour  and  the  lower  boundary 
with  too  sluggish  response  (phase  lead  >  40  deg).  An  important  difference  is  seen  for  the 
low  n/a-boundary  where  the  Meal-Smith  criterion  set  the  resonance  boundary  influenced  by 
numerator  time  constant.  It  is  interesting  that  parameter  combinations  shown  in  the  right 
plane  of  the  figure  are  acceptable  using  the  Meal-Smith  criterion.  However  MIL-daaplng 
requirements  would  reject  these  configurations.  But  this  region  is  more  theoretical  than 
practical . 

The  comparison  shows  that,  in  reality,  the  handling  qualities  parameters  used  in  the 
MIL  requirements  are  related  to  pitch  axis.  The  physical  meaning  of  n/a  is  not  vertical 
acceleration  sensivity  but  numerator  time  constant  influencing  pitch  rate  overshoot  and 
initial  pitch  acceleration  too. 

Further,  only  with  this  interpretation  of  n/a  the  equivalent  system  approach  is  able 
to  comply  with  MIL-boundaries .  A  typical  result  which  support  this  conclusion  is  shown  in 
figure  6  obtained  by  Mooij  Cl 53.  Investigated  was  a  rate  conmand/  attitude  hold  system 
where  the  numerator  time  constant  of  the  pitch  rate  cosssand  model  in  forward  loop  was 
varied  with  constant  n/a  of  the  basic  aireraft.  The  results  show  qood  correlation  with 
the  low  n/a  boundary  of  MIL  requirements  if  equivalent  n/aa  is  used  which  represents  nume¬ 
rator  time  constant.  Further,  variation  of  command  model  frequency  (numerator  time  con¬ 
stant  fixed)  results  in  correspondence  with  the  MIL-boundary. 


3.4  CONCLUSIONS  IN  USING  THE  MIL. -SPEC.  REQUIREMENTS  FOR  FLIGHT  PATH  CONTROL  PROBLEMS 


1. 


2. 


Summarising  the  results  of  the  discussion  the  following  conclusions  can  be  drawn i 

The  decision  to  use  short  period  approximation  related  parameters  «J_p/n/a  instead 
of  a(o)/Anzs.  in  the  MIL. -Spec,  short-period  frequency  requirements  leads  firstly  to 
unnecessary  limitations  in  application  and  secondly  to  misinterpretation  of  the  physi¬ 
cal  meaning  of  the  n/a  parameter. 


There  are  strong  indications  that  the  manoeuvre  criterion  represent  only  pitch  dynamic 
parameters,  short  period  frequency  and  pitch  rate  numerator  time  constant  and  not  ver¬ 
tical  acceleration  sensivity. 


3.  To  avoid  confusion  of  the  physical  meaning  of  criterion  parameters,  n/a  or  n/ae  should 
not  be  used  as  equivalent  parameters  for  pitch  rate  numerator  time  constant. 

4.  Generally,  the  manoeuvre  criterion  and  the  Neal-Smith  criterion  cannot  cover  accelera¬ 
tion  response  characteristics  on  short  term  aircraft  response. 


5.  The  proposal  of  using  the  Equivalent  System  Approach  to  compute  an  equivalent  n/a-value 
by  simultaneous  matching  of  pitch  rate  and  vertical  acceleration  response  indicates  that 
both  responses  are  Important  for  handling  qualities.  But  in  this  approach  n/a  is  not 
clearly  defined  and  the  old  controversy  n/a  or  '/Tgj  is  revived. 

6.  An  additional  acceleration  response  criterion  independent  of  pitch  response  is  necessary. 

7.  It  should  be  noted  that  pilot  ratings  on  which  the  existing  pitch  criteria  boundaries 
are  based  Include  path  or  vertical  acceleration  influences.  Even  though  a  basic  pitch/ 
acceleration  coupling  exists,  it  has  not  been  possible,  in  the  past,  to  alter  the  acce¬ 
leration  response  because  it  was  fixed  by  the  aircraft's  wing  design  and  flight  condi¬ 
tions.  So  the  pitch  dynamics  were  adapted  to  the  given  vertical  acceleration  reeponse. 


With  the  implementation  of  DLC,  however,  it  is  possible  to  change  the  acceleration 
response  Independent  of  pitch  behaviour.  The  influence  of  acceleration  response  can  thus 
be  investigates  in  a  much  more  direct  manner  than  was  possible  in  the  pest. 


4.  DEVELOPMENT  OF  A  MEN  FLIGHT  PATH  CONTROL  CRITERION 
4.1  TEST  DESCRIPTION 

As  mentioned  in  chapter  2,  the  flight  path  control  criterion  have  been  ilsvel oped  mainly 
for  direct  lift  control  application.  The  results  are  based  on  investigations  published  la 
C63  idlers  the  flight  characteristics  of  a  large  transport  airoraft  with  various  dlreot  lift 
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control  configurations  ware  simulated  in-flight  using  the  DFVLR-HFB  320  variable  stabi¬ 
lity  aircraft  (fig.  7).  The  direct  lift  control  ooneepts  investigated  consist  of  simul¬ 
taneous  deployment  of  elevator  and  wing  spoilers  when  the  pilot  inputs  a  command  in  pitch 
axis.  The  concept  therefore  gives  spoiler  deflection  as  a  direct  function  of  pilot  con¬ 
trol  input.  The  principle  is  shorn  in  fig.  8. 

The  pilot's  pitch  input  is  routed  to  the  spoiler  system  via  a  wash-out  term.  The  ele¬ 
vator  and  spoiler  actuator  dynamics  are  represented  by  a  first  order  system.  The  pitch 
and  normal  acceleration  behaviour  are  critically  dependent  on  the  choice  of  wash-out 
values  and  spoiler  actuator  dynamics  C  53 .  The  values  were  chosen  following  a  pilot-in-the- 
loop  analysis  using  the  Neal  and  Smith  criterion  c 143  applied  to  flight  path  control.  In 
particular,  the  spoiler  time  constant  was  set  to  values  avoiding  too  rapid  acceleration 
response . 

A  comparison  was  made  between  an  aircraft  without  direct  lift  control  and  four  direct 
lift  control  configurations  differing  only  in  the  DLC  effectiveness  for  a  fixed  value  of 
wash-out  time  constant. 

The  elevator  control  gain  was  chosen  to  give  constant  load  factor  ('g')  per  unit  con¬ 
trol  displacement,  or  control  force,  to  avoid  changing  the  influence  of  this  aircraft 
handling  parameter  even  further. 

The  evaluation  task  was  to  perform  ILS  approaches  using  instruments  and  "raw*  XLS 
data  and  to  initiate  a  go  around  at  500  ft  above  ground  level. 

A  test-flight  mission  consist  of  4  -  5  approaches  including  the  whole  approach  pat¬ 
tern  with  simulated  aircraft  dynamics.  A  total  of  56  approaches  with  two  pilots  were  flown. 


4.2  TEST  RESULTS 

The  pilot-aircraft  performance  was  assessed  against  the  requirements  set  for  the  ILS 
landing  approach  task.  The  following  ILS-approach  performance  criteria  were  to  be  satis¬ 
fied!  glideslope  hold  accuracy  of  +  0.5  Dot  (total  range  +  2  Dot),  localiser  hold  accu¬ 
racy  of  +  0.5  Dot  (total  range  +  2  5ot)  and  speed  control  accuracy  of  +  5  kts. 

The  mean  values  and  standard  deviations  of  the  glideslope  error,  localiser  error 
and  speed  deviation  indicate  that  for  all  the  investigated  configurations  both  pilots 
satisfied  the  performance  and  did  not  reach  or  exceed  the  allowable  limits  in  any  case. 

This  means  that  no  configuration  in  particular  stands  out  on  the  basis  of  overall  perfor¬ 
mance. 

The  assessment  of  the  configurations  Investigated  was  by  an  effort  scale  in  which  the 
pilot  rated  his  effort  from  0  (no  effort)  to  10  (high  effort) ,  the  Cooper-Harper  scale  was 
also  used,  which  relates  the  performance  of  the  pilot-aircraft  system  and  the  work- load. 
The  summarized  result  shown  in  figure  9  was  that  with  increasing  DLC  effectiveness  both 
pilots  rated  the  system  worse  than  the  basic  aircraft  without  DLC.  Especially  the  configu¬ 
rations  with  high  DLC  effectiveness  were  rated  unacceptable.  This  result  was  surprising 
and  unexpected.  Therefore  the  pilot-aircraft  system  was  analized  in  more  detail. 


4.3  PILOT-AIRCRAFT  SYSTEM  ANALYSIS 

The  pilot  technique  applied  for  CTOL  aircraft  during  an  ILS  approach  is  that  he  main¬ 
tains  the  earth  fixed  flight  path  primarily  by  pitch  attitude  changes.  In  doing  so  he  cost- 
pletes  two  control  loops,  an  inner  stabilising  pitch  and  an  outer  maintaining  altitude. 
Altitude  error  is  converted  by  the  pilot  into  required  pitch  changes  1.  e.  pitch  commands, 
which  are  then  realized  in  the  inner  control  loop.  Fig.  10  shows  these  relationships  in 
control  loop  format,  a  structure  which  has  been  confined  by  many  investigations  and  can 
be  found  in  many  references  (see  in  particular  C16,  173). 

From  the  above  mentioned  relationships  the  pilot  has  two  tasks  in  the  short  period 
range i 

1)  Primarily,  pitch  attitude  hold 

2)  Flight  path  bold  i.  e.  altitude  hold  via  pitch  attitude. 

The  handling  qualities  are  thus  defined  by  two  dynamic  characteristics  of  the  aircraft! 

1)  Pitch  dynamics  e/8, 

2)  Altitude  change  dynamics  due  to  pitch  attitude  changes,  h/e. 

The  achievable  bandwidth  of  the  h-loop  of  the  closed  system  is  dependent  on  the  inner 
loop  characteristics  C173. 

This  relationship  shows  clearly  the  Importance  of  the  pitch  dynamics  for  flight  path 
control.  The  bandwidth  separation  of  pitch-  and  h-loop  is  determined  by  the  h/6  or  t/0- trans¬ 
fer  function,  since  h  results  from  Integration  of  y  with  the  approach  speed  Va  as  constant 
factor . 


For  conventional  aircraft  with  elevator  control  the  tranafer  function  y /O  (abort 
period  approximation) ,  under  the  aeaumptiona 


l*4e  *S,I  <<c  1%  “ic1  *nd  1*4.1  "  1*1.1 
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This  means  that  the  transfer  function  y/6  is  approximately  of  first  order  with  time 
constant  T02  which  is  inversely  proportional  to  the  derivative  *w,  where 

*w"“  vo  •  5  «su-CD0,)  (11) 

is  an  aircraft  inherent  quantity,  which  is  fixed  due  to  flight  conditions. 

From  the  literature  it  is  known  that  the  time  constant  affects  the  handling  qualities 
of  flight  path  tracking  tasks  Cl 73.  In  particular  low  Z  -values  (therefore  large  lag  y 
following  e  changes)  leads  to  handling  problems.  w 

The  purpose  of  direct  lift  control  is  to  reduce  the  lag  to  increase  the  flight  path 
tracking  bandwidth.  It  is  not  yet  clear  how  small  or  large  the  lag  can  be  as  a  function 
of  the  pitch  dynasties  without  impairing  the  handling.  When  using  direct  lift  control  the 
above  first  order  approximation  for  the  y/6  transfer  function  is  no  longer  valid.  The 
relationship  is  of  a  higher  order. 

Because  the  use  of  open  loop  DLC  naturally  also  affects  the  pitch  dynamics,  the  tested 
configurations  were  compared  with  existing  pitch  criteria  to  identify  the  cause  of  degra¬ 
dations  in  handling  with  increasing  DLC  effectiveness. 


With  increasing  DLC  the  pitch  response  of  the  aircraft 
magnitude  of  the  pitch  rate  overshoot  reduces. 


becomes  more  sluggish,  and  the 


A  comparison  of  the  responses  with  the  pitch  rate  criterion  for  the  landing  approach 
C 1 8  3 ,  shows  that  all  the  configurations  satisfy  the  criterion.  Only  configuration  B  Impinges 
the  lower  criterion  boundary  (fig,  11) . 

Fig.  12  shows  the  results  of  applying  the  Neal  and  Smith  criterion  for  a  pitch  control 
loop  closed  by  the  pilot.  All  the  configurations  satisfy  the  criterion  1.  e.  all  value,  lie 
within  the  PR  -  3.5  boundary  (satisfactory  handling).  However  configuration  D  lies  on  the 
boundary  of  the  criterion  for  maximum  pilot  phase  lead. 

Checks  of  other  suggested  criteria  (M93  and  C203  show  that  the  degradation  in  handling 
is  not  due  to  the  change  in  pitch  dynamics,  since  all  configurations  satisfy  the  known  cri¬ 
teria  with  PR  -  3.5  or  only  Just  fail  them. 


4.4  FLIGHT  PATH  CONTROL  CRITERION 

It  was  shown  in  the  previous  section  that  small  changes  in  pitch  dynamios  of  the  air¬ 
craft,  due  to  the  DLC  system,  were  not  the  explanation  for  different  handling  ratings  found 
during  the  tests. 

From  this  it  follows  that  the  change  in  y/6  dynamics  was  primarily  responsible  for  the 
change  in  the  handling  ratings. 

.  •l?0"*  *!>•  Bod*  diagram  in  amplitude  and  phase  for  the  y/6  transfer  functions 

or  all  the  tested  configurations.  The  figure  shows  clearly  that  with  DLC  the  phase  of  the 
transfer  function  at  higher  frequencies  reduces  less  steeply,  or  Increases  earlier.  The 
amplitude  relationship  shows  similar  trends  to  the  phase  relationship. 

„  *  th*  phase  reduction,  the  slower  the  flight  path  changes  due  to  pitch  atti- 

tuda  changes  in  a  given  frequency  range,  so  that  the  phase  of  the  y/6  transfer  function 
directly  represents  the  coupling  between  pitch  attitude  and  flight  path  due  to  control  Inputs. 
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In  particular  it  ia  apparent  that  tha  phaaa  ralationahip  in  tha  pitch  control  fre- 
quancy  range  (inner  control  loop,  abort  period  pitch  oacillation  frequency)  ia  changed 
drastically  by  DLC,  and  can  even  bacons  positive  (configuration  B) ,  which  naans  that  the 
flight  path  leads  pitch  attitude. 

The  bandwidth  of  tha  altitude  control  loop  are  easily  found  from  tha  Nichols  diagram 
( fig.  14)  which  shows  tha  amplitude  and  phase  with  h/hp-loop  open  and  tha  inner  pitch  con- 
trol  loop  closed.  For  inner  loop  closure  the  Meal-Smith  method  was  used  with  pilot  model 
as  shown  in  figure  10.  The  closed  loop  bandwith  was  sat  to  -  1.2  rad/s  for  landing 
approach.  Tha  bandwidth  of  the  h-loop  is  defined  by  -90  deg  prase  and  0  dB  amplitude  of 
the  closed  loop  system.  In  this  it  is  assumed  that  the  pilot  desires  unity  gain  (0  dB)  and 
operates  as  a  pure  amplifier  (Gain  K^)  in  the  altitude  loop. 

From  figure  14  h-loop  bandwith  was  extracted  giving  the  values  listed  below 


Conf . 

h-loop  bandwith 

Outer- inner  loop  bandwith  ratio 

“BWh 

(inner  loop  closed) 

“BMh/*BMe 
(wpW0  -1.2  rad/s) 

A 

0.32  rad/s 

0.27 

C 

0.38  rad/s 

0.32 

D 

0.50  rad/s 

0.42 

B 

0.70  rad/s 

0.58 

It  is  apparent  that  DLC  reduces  the  bandwidth  separation  (or  bandwith  ratio  «»  n /■ _ 

between  the  altitude  control  loop  and  the  pitch  control  loop,  which  inevitably  re-Hwn  Bme 
suits  from  the  phase  relationships  of  the  r/6  transfer  function.  It  seesw  that  when  the 
pilot  applies  the  technique  of  controlling  the  flight  path  by  pitch  attitude,  a  clear 
separation  of  the  bandwldtha  between  pitch  and  altitude  loops  is  preferred.  This  means  that 
Inputs  to  stabilise  the  pitch  attitude  (in  the  frequency  range  of  the  abort  period  pitch 
oscillation)  should  not  simultaneously  lead  to  changes  in  the  flight  path. 

First  of  all,  good  pitch  characteristics  are  mandatory  for  flight  path  control.  In 
addition,  the  bandwith  separation  of  the  inner  and  outer  loops  has  to  be  taken  into  account 

Both  too  large  or  too  small  loop  bandwith  separation  will  lead  to  handling  problems. 

As  an  appropriate  parameter  to  describe  the  bandwith  separation  or  the  degree  of  coupling 
between  pitch  and  flight  path,  the  phase  difference  of  the  v/e-transfer  function  in  the 
region  of  inner  loop  frequency  «0  will  be  used. 

This  parameter  will  be  defined  as 


y/6-Phase  for  *  -  •»  _  or  ma 

nap  e 
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This,  then,  is  the  proposed  criterion  for  flight  path  control. 

This  criterion  is  able  to  fulfill  soam  fundamental  requlreamnts . 

•  it  takes  into  account  tha  pilot-aircraft  innar  and  outer  loop  structure 

•  it  is  applicable  for  conventional  and  DLC  enhanced  aircraft 

•  it  is  not  restricted  to  low  order  systems 

•  it  is  physically  understandable 

•  it  clearly  separates  pitch  and  heavs  motion 

•  it  is  easy  to  compute 

•  it  is  easy  extractable  from  flight  test  data 

•  there  is  no  need  to  compute  equivalent  n/a  values 

A  further  requirement  is  that  the  criterion  be  compatible  with  existing  HIL-F-8785  c 
specifications.  If  the  n/a  of  MIL  requirements  can  be  interpreted  as  Se/g  (although  this 
is  questionable)  a  very  simple  translation  to  the  phase  criterion  is  possible.  Because  the 
M2L-8pec.  boundaries  are  based  on  conventional  aircraft  where  the  short  period  approxima¬ 
tion  is  valid  (i.  a.,  y/9  •  1/ffgj  a  ♦  1)  the  v/o-Fhase  for  w  »  •  can  simply  be  computed 
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or  using  MIL-Spec .  parsmeters 
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Figure  15  llluatratea  thla  translation  of  MIL-Spec.  boundaries  Into  y/0 -Phase  diagram. 
V /g  was  taken  to  be  constant,  since  for  all  transport  aircraft  the  approach  speed  is 
approximately  the  same.  Typical  approach  speeds  are  between  130  -  140  kts.  V /g  -7s  was 
chosen  as  a  representative  quantity.  ° 

The  right  plane  boundaries  of  figure  IS  comply  with  other  results  from  [183  and  with 
the  investigated  Die  configurations..  But,  as  shorn  in  chapter  3,  at  least  the  left  hand 
boundary  (F  -  G)  has  to  be  interpreted  as  numerator  time  constant-boundary  of  pitch  rate 
transfer  function  and  not  as  flight  path  boundary. 

Although  the  transformation  of  MXL-boundaries  into  y/0-phase  boundaries  looks  very 
promising,  the  MIL-Spec.  boundaries  are  not  usable  because  of  different  physical  meaning 
of  n /a  (see  chapter  3) . 

Because  both  criteria,  pitch  and  flight  path,  must  be  fulfilled,  another  approach 
would  be  to  combine  the  flight  path  phase  criterion  with  the  Neal-Smith  pitch  criterion. 

It  has  been  found  that  large  transport  aircraft  show  no  tendency  to  closed  loop  resonance, 
so  a  presentation  as  shown  in  figure  16  could  be  used  to  combine  pitch  and  flight  path 
control  behaviour. 

The  area  filled  by  existing  aircraft  is  shown  by  the  shadowed  area,  in  which  sane 
typical  aircraft  are  pointed  out.  It  can  be  seen  that  so  extremely  different  aircraft  as 
the  lifting  body  HL-IO  and  the  large  transport  aircraft  C-5A  stay  within  -70  degrees  lag 
to  40  degrees  lead  phase  in  pitch  using  the  Meal-Smith  criterion. 

But  the  y/e  phase  remains  within  -80  degrees  to  -55  degrees  path  lag.  This  is  due 
to  the  fact  that  the  approach  condition  C-  /Ct-  Is  not  so  different  for  all  aircraft. 
Further,  from  this  it  can  be  concluded  that.  In  the  past,  path  control  was  not  really  a 
problem  compared  with  pitch  dynamics.  Neither  the  y /e-low  phase  nor  high  phase  lag  boun¬ 
daries  are  very  well  established  because  very  few  data  due  to  DLC  application  are  available 

It  is  recommended  from  the  flight  tests  that  for  large  aircraft  with  sluggish  pitch 
response  the  flight  path  lag  should  not  be  lower  than  -30  degrees.  Further  it  can  be  con¬ 
cluded  that  flight  path  lag  of  existing  large  transport  aircraft  with  -50  degrees  is  ade¬ 
quate.  Path  control  problems  of  large  aircraft  are  not  due  to  severe  pitch  path  coupling 
but  rather  to  absolutely  unsatisfactory  pitch  response.  This  means  that  DLC  will  never 
Improve  path  control  if  pitch  control  is  inadequate. 


Conclusions 

The  conclusions  listed  below  are  valid  only  for  instrument  approaches  without  Flight- 
Director  and  assume  that  the  flight  path  changes  result  from  pitch  attitude  changes,  which 
is  the  normal  case  for  CTOL  aircraft. 

1.  The  altitude  hold  of  an  aircraft  is  directly  affected  by  the  pitch  hold  characteristics. 


2.  A  one-sided  increase  in  bandwidth  in  the  altitude  loop  through  DLC  leads  to  a  degrada¬ 
tion  in  handling.  It  follows  from  this  that  flight  path  control  with  sluggish  pitch  dy¬ 
namics  cannot  be  improved  by  the  use  of  DLC. 

3.  To  use  the  CTOL  techniques  (flight  path  control  through  pitch  changes),  a  given  band¬ 
width  separation  between  pitch  control  and  altitude  control  is  required  for  good  hand¬ 
ling  qualities. 

4.  An  improvement  in  flight  path  control  on  aircraft  with  sluggish  pitch  dynamics  can  be 
achieved  by  DLC  only  if  the  pitch  dynamics  are  also  improved . 

5.  The  phase  difference  between  flight  path  and  pitch  attitude  (y/e-phase)  in  the  region 
of  the  frequency  of  the  short  period  pitch  oscillstion  can  be  used  as  a  criterion  for 
the  bandwidth  separation  between  the  pitch  attitude  control  loop  and  the  altitude  con¬ 
trol  loop,  that  is  the  coupling  between  pitch  motion  and  vertical  motion  of  the  aircraft 


6.  The  v/e  phase  criterion  can  be  applied  to  conventional  alreraft  aa  well  as  those 
with  D1C.  xt  can  ba  tr  ana  la  tad  directly  into  the  aanoaurra  criterion  of  KXL-P-878S  C 
if  n/a  is  interprotad  as  -Xa/g. 


5.  FLIGHT  PATH  CONTROL  WITH  RATE  COMMAND/ATTITUDE  HOLD  (RC/AB)  SYSTEMS 

The  results  shown  in  tha  previous  chapters  are  related  to  sore  or  lass  conventional 
ay sterna,  in  other  words  aircraft  requiring  only  conventional  response  and  piloting  tech¬ 
nique  to  fly  an  XLS-landing  approach. 

This  conventional  technique  is  baaed  on  two- loop  structure  with  clearly  separated 
bandwith  of  each  loop.  In  general,  it  has  been  shown  that  path  response  of  large  aircraft 
compared  with  pitch  response  is  not  bad.  DLC  application  cannot  Improve  path  control  be¬ 
cause  pitch/altitude  coupling  will  be  unfavourably  changed.  Pr  '■his  it  is  concluded  that 
DLC  must  improve  flight  path  control  capability  without  degra-  andling  qualities  by 
using  systems  with  inner  loop  augmentation  such  as  a  rate  commanu/a  it  e  hold  system. 

In  that  case  the  inner  pitch  loop  is  overtaken  by  the  contr  system  j  that  there 
is  no  need  for  the  pilot  to  stabilise  pitch  attitude  or  to  cont t  act  exte  l.  disturban¬ 
ces.  The  manual  flight  path  control  loop  structure  will  be  simpl.  ied  u  a  single  alti¬ 
tude  loop,  flown  by  pitch  attitude. 

Flight  tests  with  a  RC/AH-system  combined  with  DLC  have  been  carried  out  using  the 
DFVLR-HFB- 320  in-flight  simulator.  The  RC/AH-system  function,  as  realit  1  in  the  digital 
onboard  computer,  is  shown  in  figure  17.  For  pilot  commands  a  two  axis  sxdegrip  controller 
for  pitch  and  roll  was  used  (figure! fl) . 

The  flight  test  results  show  that  advanced  systems  like  RC/AH-system  for  large  trans¬ 
port  aircraft  require  new  systems  oriented  criteria  because  many  assumptions  on  which  the 
old  criteria  are  based  are  no  longer  valid. 

Firstly,  as  shown  in  figure  19,  (which  represents  a  typical  landing  approach  with 
RC/AH-system  under  gusty  conditions)  the  pilot  control  behaviour  changes  completely  com¬ 
pared  with  conventional  aircraft.  The  pilot  inputs  are  'pulse'  type.  Because  the  system 
holds  the  attitude  there  is  no  need  for  the  pilot  to  be  permanently  active  in  the  loop. 

The  pilot  tends  to  control  in  an  open  loop  fashion;  the  loop  is  only  closed  after  a  cer¬ 
tain  pilot-determined  threshold  is  exceeded.  The  aircraft  response  is  simple,  so  the  pilot 
can  anticipate  its  behavior.  The  loop  is  only  'closed'  by  monitoring  the  aircraft  response. 

The  RC/AH-system  was  combined  with  direct  lift  device  as  shown  in  figure  18  to  inve¬ 
stigate  the  pitch/path  coupling  without  the  inner  loop  situation.  The  pitch/path  coupling 
was  varied  in  directions;  in  one  direction  using  negative  DLC  to  enlarge  the  path  leg  due 
to  pitch  attitude  commands,  and  in  the  other  direction  using  positive  DLC  to  reduce  the 
path  lag. 

The  results  show  that  the  pilots  were  not  sensitive  to  negative  lift  effects,  to  the 
extent  investigated,  compared  with  the  basic  aircraft.  But  using  the  same  amount  of  posi¬ 
tive  lift  the  ratings  improved  as  expected.  Figure  20  shows  the  culmulative  percentage  of 
time  that  the  side-grip  controller  was  used  during  approach  versus  the  percentage  of  grip 
deflection  in  pitch  and  roll  axes  with  and  without  DLC .  The  figure  illustrates  that  about 
50  -  60  %  of  approach  time  the  grip  is  not  used  by  the  pilots  for  the  RC/AH-system  without 
DLC.  with  DLC  the  grip  is  not  used  about  75  %  of  time  in  pitch  and  roll.  In  addition,  per¬ 
centage  of  grip  deflection  is  reduced. 

It  is  interesting  that  the  improvement  in  flight  path  control  leads  to  lower  pilot 
activity  in  the  roll  axis.  Pilots  commented  that  with  DLC  vertical  speed  variation  could 
be  initiated  and  stopped  very  precisely  so  there  was  more  time  to  control  the  roll  atti¬ 
tude. 

The  results  gained  from  the  RC/AH  flight  tests  program  can  be  concluded 

1 .  DLC  improves  flight  path  control  if  the  pitch  inner  loop  is  augmented  by  a  RC/AH-system 
because  the  frequency  separation  of  inner  and  outer  loop  has  no  relevance. 

2.  RC- AH- system  characteristics  lead  also  to  lower  activity  in  roll  control. 

3.  RC/AH  leads  to  generally  low  pilot  activity,  and  the  addition  of  DLC  lessens  his  acti¬ 
vity  even  further. 

4.  Improvements  in  longitudinal  control  lead  to  lower  activity  in  roll  control. 

5.  The  pilot  closes  the  loop  after  the  system  exceeds  a  given  threshold  set  by  the  pilot. 
Due  to  predictable  aircraft  response,  the  pilot  tend  to  act  as  open  loop  controller. 

6.  Nevertheless  the  y/e  relationship  remain  important  for  path  control.  Boundaries  for 
path  control  with  augmented  inner  loop  have  to  be  established.  Other  RC/AH  systems 
with  DLC  C223  flight  tested  with  TIPS,  show  that  due  to  high  DLC  effectiveness  close 
coupling  of  pitch/heave  motion  degrade  pilot  ratings. 

7.  Due  to  system  characteristics  of  RC/AH-systam  the  pilot  is  much  more  sensitive  to  the 
initial  and  steady  state  rats  response  due  to  command  inputs  than  for  conventional  air¬ 
craft.  By  freeing  the  pilot  from  stabilisation  task  he  has  time  enough  to  pay  attention 
to  such  details. 


8.  Mv  handling  qualitiaa  criteria  for  RC/AH  wist  taka  tha  following  factors  into 

accounts  a)  ting la- loop  flight  path  control  situation,  b)  nod if lad  pilot  tachniquaa 
and  c)  intarnittant  antry  of  pilot  into  tha  loop. 


6.  CONCLUSIONS 

ha  shown  in  tha  pravlous  dlscuaalon  tha  following  ganaral  conclusions  can  ba  drawn. 

1 .  Tha  short-period-frequency  requirements  of  HIL-F-8785  C  ara  not  adequate  for  praclsa 
flight  path  control  tasks  using  advanced  control  systems  with  blended  DLC . 

2.  Xt  la  nacassary  to  separata  tha  raquiranants  for  pitch  and  for  haava  notion. 

3.  For  conventional  flight  path  control  techniques  using  pitch  attitude,  it  has 
bean  shown  that,  tha  flight  path  to  pitch  coupling  behaviour  is  an  important 
handling  qualities  parameter . 

4.  Tha  flight  path  to  pitch  attitude  phase  at  tha  frequency  of  pilot  closed  inner 
pitch  loop  is  proposed  as  criterion  parameter  in  representing  tha  heave/pitch 
control  harmony  or  flight  path  to  pitch  loop  separation. 

5.  The  Y/9-phase  criterion  is  suitable  for  conventional  and  DLC-enhanced  aircraft. 

A  simple  conversion  to  tha  «  1 /n/a -criterion  is  possible  if  n/o  is  interpreted 

as  -8,/g.  n,p 

4.  As  shown  by  the  RC/AH-system  results,  flying  qualities  have  to  be  system  oriented 
also.  Control  augmentation  will  change  pilot  task  and  pilot-aircraft  control  situ¬ 
ation;  therefore,  special  handling  qualities  requirements  are  necessary. 

7.  It  is  questionable  whether  a  closed  loop  system  representation  is  applicable  to 
RC/AH-systams.  The  pilot  exhibits  discrete  control  behaviour  and  open-loop-type 
control  techniques.  Further  investiations  are  required  to  take  these  factors  into 
account  for  future  handling  qualities  requirements. 
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Fig.  8  Schematic  of  open  loop  direct  lift 
control  system 
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SUMMARY 

The  paper  provides  an  assessment  of  current  helicopter  specifications  and  describes 
the  plans  that  the  U.S.  Army  AVRADCOM  has  for  a  major  effort  to  develop  a  new  specifica¬ 
tion  providing  mission-oriented  requirements. 

Comparisons  of  several  previous  U.S.  military  specifications  indicate  that 
MIL-F-83300  has  clear  advantages  in  its  broad  coverage  of  important  handling  qualities 
aspects  and  its  systematic  structure.  Its  disadvantages  are  that  it  is  primarily  based 
on  V/STOL  data,  and  explicit  helicopter  characteristics  are  only  lightly  covered. 
MIL-H-8501A  and  the  system  specifications  developed  expressly  for  recent  military  pro¬ 
curements  do  specifically  address  helicopters,  and,  through  long  familiarity,  the  heli¬ 
copter  community  is  comfortable  with  them.  However,  they  do  have  rather  sparse  coverage 
of  many  important  topics.  All  of  these  specifications  are  sadly  lacking  in  mission- 
oriented  criteria  and  are  basically  for  visual  meteorological  conditions  (VMC)  with  no 
coverage  of  night  operations  and  only  token  requirements  for  instrument  meteorological 
conditions  (IMC) . 

Recognition  of  these  deficiencies  has  resulted  in  a  major  effort  being  initiated  by 
the  U.S.  Army  and  Navy  to  develop  a  new  specification  containing  mission-oriented 
handling  qualities  requirements.  The  efforts  will  be  directed  by  the  U.S.  Army  AVRADCOM, 
and  contributions  to  the  program  will  be  made  by  NASA,  the  USAF,  and  the  FAA.  It  is 
planned  that  a  revised  specification  will  be  ready  for  submission  for  adoption  as 
MIL-H-8501B  in  1985. 


1 .  INTRODUCTION 

The  current  specification  MIL-H-8501A,  Helicopter  and  Ground  Handling  Qualities 
(Ref.  1),  is  a  1961  revision  of  a  1952  document.  It  gave  good  guidance  in  its  early 
years,  but  by  the  late  1960's  had  many  obvious  deficiencies.  For  example.  Ref.  2  pro¬ 
vides  a  detailed  analytical  review  of  these  shortcomings;  empirical  evidence  can  be  seen 
in  reports  of  flight-test  evaluations  by  the  Army  Engineering  Flight  Activity  (AEFA) 
(Refs.  3-5) .  MIL-H-8501A  is  still  used  by  AEFA,  to  some  extent,  as  a  yardstick  for 

flight-test  evaluation,  but  for  procurement  of  the  UTTAS  and  AAH,  the  Army  Aviation 
Research  and  Development  Command  (AVRADCOM)  developed  a  new  set  of  handling  qualities 
specifications  and  incorporated  them  into  the  Prime  Item  Developsient  Specification  (PIDS) 
(Refs.  6,7).  The  Navy  used  essentially  the  same  requirements  for  the  LAMPS-III.  For  the 
Army  Helicopter  Improvement  Program  (AHIP) ,  the  handling  quality  requirements  referred  to 
MIL-H-8501A  and  provided  some  guidance  on  control  sensitivity  and  rate  damping  (Ref.  8). 

There  have  been  several  formal  attempts  to  revise  MIL-H-8501A  -  a  "B"  version  was 
proposed  in  1968  but  never  developed  and  adopted.  The  V/STOL  specification  MIL-F-83300 
(Ref.  9)  was  the  culmination  of  a  major  effort  by  Cornell  Aeronautical  Laboratory  under 
the  sponsorship  of  the  Air  Force  Flight  Dynamics  Laboratory.  It  incorporated  all  the 
data  available  at  the  time  and  followed  closely  the  structure  and  format  of  the  recently 
revised  specification  for  conventional  aircraft  -  MIL-F-8785B  (Ref.  10).  The  data  and 
rationale  for  the  requirements  were  presented  in  a  background  information  and  users  guide 
(BIUG) (Ref .  11)  which  was  modeled  after  the  equivalent  BIUG  for  MIL-F-8785B  (Ref.  12). 
MIL-F-83300  attempted  to  include  helicopters  and,  in  fact,  was  adopted  for  helicopter 
application  by  the  USAF.  However,  the  U.S.  Navy  and  Army  chose  not  to  adopt  it  for  heli¬ 
copter  application.  Some  of  the  reasons  for  this  My  be  related  to  the  type  of  criti¬ 
cisms  provided  by  Green  (Ref.  13).  In  an  attempt  to  overcome  the  perceived  shortcomings 
of  MIL-F-83300,  the  Army  and  Navy  jointly  sponsored  Pacer  Systems,  Inc.,  to  draft  a 
revision  to  MIL-H-8501A.  This  effort  adopted  soew  of  the  concepts  and  structure  used  in 
MIL-F-878SB  and  33300,  and  many  of  the  new  requirements  were  innovative,  though  they 
lacked  data  for  substantiation.  The  preliminary  report  of  this  effort  was  submitted  in 
March  1973;  it  had  limited  distribution,  and  was  never  finally  published. 

Experience  in  previous  efforts  to  revise  MIL-H-8501A  showed  that  the  primary 
obstacle  to  developing  new  requirements  was  a  lack  of  systematic  data  from  which  new 
criteria  could  be  developed  and  used  for  substantiation.  In  the  last  10  years,  several 
sources  have  contributed  toward  enlarging  this  technical  data  bases  significant  experi¬ 
ence  has  been  gained  in  procurement  of  three  Army  projects,  ths  UTTAS  (UH-COA  Blackhawk) , 
the  AAH  (AH- 64  Apache) ,  and  the  AHIP  Near-Term  Scout  Helicopter  (NTSH) ;  the  Navy  has 
procured  the  LAMPS  III  (Seahawk) ,  which  is  based  on  the  Blackhawk;  experimental  research 
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work  specifically  oriented  toward  building  the  flying  qualities  data  base  has  been  under 
way  by  the  Army  and  NASA  at  Ames  Research  Center;  significant  strides  have  been  aide  by 
the  fixed-wing  community  toward  developing  techniques  for  analysis  and  understanding  of 
flying  qualities,  particularly  techniques  to  handle  fly-by-wire  digital  control  systems, 
and  tailored  responses  for  the  integration  of  flight  control  and  weapon  delivery  maneu¬ 
vers  exploiting  features  such  as  direct  force  control.  This  body  of  experience  will  form 
a  reasonable  basis  for  mounting  a  major  revision  effort. 

The  remainder  of  the  paper  is  divided  into  three  main  sections.  The  first  provides 
an  overview  of  existing  specifications  and  describes  some  of  the  basic  needs.  The  second 
illustrates  some  of  the  problems  with  two  of  the  most  fundamental  criteria;  longitudinal 
dynamic  response  and  roll-control  effectiveness.  The  last  section  outlines  plans  for  the 
joint  Army/Navy  program  to  develop  a  new  specification  incorporating  mission-oriented 
criteria  which  will  be  called  "Update  8501." 


2.  OVERVIEW  OF  CURRENT  SPECIFICATIONS 

Reference  14  describes  an  attempt  to  assess  the  current  specifications  by  comparing 
the  latest  UTTAS  and  AAH  system  specifications  (Refs.  15,16)  with  MIL-H-8501A  (Ref.  1) 
and  MIL-F-83300  (Ref.  14).  Three  other  specifications,  AGARD  Reports  408  and  577-70 
(Refs.  17,18)  and  Curry  and  Matthews  (Ref.  19)  made  notable  contributions  to  the  develop¬ 
ment  of  V/STOL  criteria,  but  they  were  not  included  in  this  comparison  because  they  made 
no  claims  to  cover  helicopters,  and  were  not  written  as  contractual  documents.  The 
comparison  shows  that  MIL-F-83300  has  clear  advantages  in  its  broad  coverage  of  important 
handling  qualities  aspects  and  its  systematic  structure.  Its  disadvantages  are  that  it 
is  primarily  based  on  V/STOL  data,  and  explicit  helicopter  characteristics  are  only 
lightly  covered.  MIL-H-8501A  and  the  PIDS  do  specifically  address  helicopters,  and, 
through  long  familiarity,  the  helicopter  community  is  comfortable  with  them .  However, 
they  do  have  rather  sparse  coverage  of  many  important  topics.  Even  where  topics  are 
addressed,  many  shortcomings  in  the  M1L-H-8501A  requirements  have  long  been  recognised 
(Ref.  2).  In  addition,  MIL-H-8501A  and  the  PIDS  lack  a  systematic  treatment  of  flight 
envelopes  and  failures.  All  of  these  specifications  lack  mission-oriented  criteria  and 
are  basically  for  VMC  with  only  token  recognition  of  separate  IMC  requirements. 

It  must  be  recognized  that  the  task  or  mission  flight  phase  to  be  performed  by  the 
helicopter  can  have  a  substantial  effect  on  the  requirements.  In  MIL-F-83300  the 
requirements  were  divided  into  hover  and  low-speed  (i.e.,  less  than  35  knots)  and  forward 
flight  (i.e.,  for  speeds  from  35  knots  to  Vcon> •  The  data  base  for  the  hover  and  low- 
speed  requirements  were  based  largely  on  research  investigations  using  generalized  hover 
and  low-speed  taxi  tasks.  No  systematic  investigations  had  been  made  of  mission-oriented 
tasks,  such  as  night  NOE  flying  where  precision  of  control  is  required  in  tasks  such  as 
hover-bobup  (Ref.  20} ,  or  shipboard  landings  in  high  sea  state,  where  the  ship  motions 
and  the  wind  and  turbulence  interactions  result  in  an  extremely  taxing  task  (Ref.  21). 
Attention  to  such  flight  phases  will  necessitate  significantly  more  stringent  require¬ 
ments.  For  speeds  greater  than  35  knots  the  data  and  requirements  were  oriented  at 
V/STOL  approach  and  landing.  The  resulting  requirements  may  be  good  minimums  for  flight 
safety  but  there  is  need  to  develop  requirements  to  enhance  performance  of  the  opera¬ 
tional  missions  that  helicopters  perform  in  this  speed  range.  The  intent  in  MIL-F-83300 
was  to  convert  to  the  fixed-wing  aircraft  requirements  of  MIL-F-8785B  at  speeds  above 
VcoN*  Although  the  idea  of  making  helicopters  meet  such  rigorous  requirements  turned 
V"CONVERT"  into  V'CONSTERNATION , "  and  was  rejected,  the  advent  of  high-speed  rotorcraft, 
such  as  the  Bell  XV- 15  Tilt  Rotor  and  the  Sikorsky  XH-59A  ABC,  means  that  this  problem 
will  soon  have  to  be  addressed. 

Additional  problems  result  from  the  need  to  perform  increasingly  complex  missions 
in  adverse  weather  and  at  night.  The  plethora  of  pilot  aids  for  navigation,  coamunica- 
tions,  weapons,  survivability,  and  vision  aids  compete  for  attention  and  can  add  to  the 
pilots'  workload  if  not  suitably  integrated.  Definition  of  meaningful  handling-qualities 
criteria  must  therefore  consider  all  of  the  pilot's  tasks  involved  in  the  mission  flight 
phase  together  with  an  integrated  treatment  of  vehicle  dynamics,  flight  control  system 
characteristics,  cockpit  controllers,  displays  and  vision  aids. 

In  many  ways  helicopters  are  much  more  complex  than  fixed-wing  aircraft.  The 
inherent  aasymetry  of  single-rotor  helicopters  causes  them  to  have  several  features  that 
complicate  analysis  and  specification  of  handling  qualities  criteria;  there  is  a  strong 
cross-coupling  between  longitudinal  and  lateral-directional  responses,  they  are  highly 
nonlinear,  and  they  inherently  involve  more  than  the  classical  rigid-body  modes  used  to» 
represent  the  responses  of  conventional  fixed-wing  aircraft. 

One  form  of  cross-coupling  manifests  itself  in  the  response  to  control  (e.g.,  roll 
due  to  pitch  control  and  pitch  and  roll  due  to  collective  control) .  These  couplings 
cannot  be  eliminated  by  static  considerations  of  control  phasing  since  the  cross-coupling 
is  a  function  of  the  frequency  content  of  the  control  input  (Ref.  22).  Another  coupling 
phenomena,  related  to  the  engine  governing  system  results  in  coupling  between  the  yaw 
response  and  the  rotor  rpm  control.  This  coupling  is  well  described  by  Kucsynski  et  al. 
(Ref.  23).  Briefly,  the  situation  occurs  as  follows;  the  engine  fuel-control  governor 
senses  a  yaw  rate  as  an  rpm  perturbation  and  tries  to  correct  to  the  referenced  value. 
This  changes  the  rotor  torque,  which  has  to  be  reacted  through  the  fuselage.  Depending 
on  the  engine  fuel-control  system  dynamics,  the  phasing  can  result  in  amplifying  or 
damping  the  fuselage  yaw  response. 
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Nonlinearities  occur  both  statically  and  dynamically.  An  ax  ample  of  atatie  non¬ 
linearity  ia  the  YAH- 6 4  pitching  moment  due  to  aidealip.  Increasing  aidealip  aaglea  to 
left  of  trim  required  increaaing  aft  longitudinal  control  to  trim,  and  aidealip  to  the 
right  required  forward  longitudinal  control  to  trim.  In  addition,  the  trim  required  for 
right  aidealip  varied  in  a  nonlinear  faahion  with  both  the  aidealip  angle  and  with  the 
airapeed.  This  rather  complicated  pitch-to-sideslip  coupling  caused  pilot  coordination 
problems  in  turning  maneuvering  flight,  and  was  determined  to  be  a  shortcoming  (Ref.  24). 
An  example  of  dynamic  nonlinearity  ia  discussed  in  the  following  section  on  longitudinal 
dynamics. 

Current  perceptions  of  the  threat  leads  to  the  doctrine  of  flying  close  to  the 
ground  to  take  advantage  of  terrain  masking.  This  is  called  nap-of-the-earth  (HOE) 
flight.  Since  it  is  desired  to  perform  this  flight  phase  not  just  in  day  visual  condi¬ 
tions  but  in  poor  weather  and  at  night,  some  form  of  vision  aid,  such  as  a  light  intensi¬ 
fication  device,  an  infrared  sensor,  or  a  radar,  will  be  required.  Presentation  of  this 
out-of-th e-window  view  for  the  pilot  can  be  through  a  helmet-mounted  device  or  through  a 
panel-mounted  display.  In  either  case,  it  appears  that  symbology  providing  flight  con¬ 
trol  information  has  to  be  provided  to  enhance  the  pilot's  ability  to  perform  his  flying 
task.  Aiken  and  Merrill  (Ref.  20)  describe  an  investigation  of  how  the  symbology  and 
drive  logic  in  a  head-up  format  interact  with  the  SCAS  to  influence  the  handling  quali¬ 
ties.  Such  considerations  also  need  incorporating  into  a  new  military  helicopter  flying 
qualities  specification. 


3.  DISCUSSION  OF  TWO  FUNDAMENTAL  CRITERIA 
3 . 1  Longitudinal  Dynamics 

Perhaps  the  most  fundamental  flying  qualities  requirement  is  longitudinal  dynamic 
response  in  forward  flight  (i.e.,  speeds  above  about  35  knots).  Consider  first  the 
various  requirements  from  MIL-F-83300,  MIL-H-6501A,  and  the  UTTAS  and  AAH  PIDS  that  seem 
to  be  pertinent  to  this  topic.  Where  these  criteria  can  be  transferred  into  graphic 
form,  they  have  been  plotted  on  the  MIL-F-83300  boundary  of  o>n  ~  2co>n  (Fig.  1).  The 
MIL-H-8501A  requirement  for  n z  to  be  concave  down  within  2  sec  has  been  plotted  using 
the  analysis  provided  by  Seckel  (Ref.  25). 


Fig.  1.  Longitudinal  dynamic  requirements. 


The  most  obvious  point  for  comment  is  that  the  MIL-H-8501A  boundary  is  meant  to 
cover  all  oscillatory  modes  throughout  the  frequency  range.  This  leaves  the  critical 
short-term  response  essentially  unspecified.  MIL-F-83300  concentrates  on  the  short-term 
response  and  adds  an  outer  limit  that  all  other  roots  must  be  stable.  The  two  PIDS 
provide  a  low-frequency  boundary  similar  to,  but  not  exactly  the  same  as,  the  MIL-H-8501A 
VFR  boundary,  but  do  add  a  short  period  "bullseye."  Superimposed  on  the  figure  are  some 
root  locations  for  the  0H-6A  and  BO- 10 5  helicopters  taken  from  Ref.  26.  The  low- 
frequency  roots  of  ths  BO-105  are  unstable  and  do  not  meet  any  of  the  sketched  require¬ 
ments.  However,  as  discussed  in  a  paper  by  Pausder  and  Jordan  (Ref.  27)  and  demonstrated 
in  many  years  of  successful  application,  the  BO-105  is  indeed  a  satisfactory  VFR  aircraft. 
Neither  the  80-105  nor  the  OH- 6 A  meets  the  "bullseye*  required  by  the  UTTAS  and  AAH  PIDS. 
It  is  not  at  all  clear  to  what  extent  this  would  make  for  an  unacceptable  response. 
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Because  of  special  helicopter  idiosyncrasies,  there  are  store  subtle  questions  that 
need  to  be  addressed.  First,  consider  the  effect  of  cross-coupling.  Helicopters  have 
significant  cross-coupling  between  longitudinal  and  lateral  directional  responses  so  that 
an  arbitrary  decoupling  of  longitudinal  from  lateral  directional  degrees  of  freedom  stay 
or  stay  not  be  valid  when  comparing  roots  for  the  boundaries.  Both  MIL-F-83300  and 
MIL-H-8  501A  are  ambiguous  on  this  point,  but  the  UTTAS  and  AAH  PIDS  both  state  that  the 
boundary  refers  to  motions  with  controls  fixed  following  the  disturbance.  This  implies 
that  the  longitudinal  motions  are  being  addressed  with  full  coupling  from  whatever 
lateral  directional  perturbations  are  developed.  Heffley  et  al.  (Ref.  26)  performed  an 
analysis  to  determine  the  effect  on  dynamics  of  one  axis  while  regulating  the  off-axis 
motions  with  a  simple  pilot  model.  The  fully  coupled  and  fully  constrained  roots  at 
60  knots  are  shown  for  the  0H-6A  and  BO-105  in  Fig.  1.  Also  shown  are  roots  computed  for 
the  OH-6A  by  using  just  the  longitudinal  equations.  For  the  high-frequency  modes  there 
is  a  noticeable  difference;  however,  it  is  probably  not  significant.  For  the  low- 
frequency  (phugoid)  roots  there  is  a  noticeable  difference  for  the  OH-6A  but  not  the 
BO-105 .  Since  these  low-frequency  roots  are  very  close  to  the  boundary,  a  difference  of 
the  magnitude  shown  for  the  OH-6A  could  result  in  being  on  the  wrong  side  of  the  boundary 
and  may  be  significant  for  interpreting  the  requirements. 

The  second  property  of  helicopter  dynamics  which  must  be  considered  is  nonlinearity. 
Tomlinson  and  Padfield  (Ref.  28)  describe  results  of  a  ground-based  simulation  to  inves¬ 
tigate  helicopter  agility.  They  describe  nonlinearities  in  pitch  response  that  are 
quite  significant  with  stiff  hingeless  rotors.  The  nonlinear  effects  are  due  to  airspeed 
changes  that  start  to  occur  only  a  few  seconds  after  the  control  input.  Figure  2  is 

taken  from  Ref.  28;  it  shows  a  time  history  of 
normal  acceleration  and  pitch  rate  for  two  rotors, 
a  very  stiff  rotor,  D2  (equivalent  hinge  offset 
based  on  flapping  frequency  e  a  18%)  and  a  much 
more  flexible  rotor,  A2  (e  a  3%) .  The  vertical 
scale  is  normalized  by  the  size  of  pitch  input  and 
scaled  to  the  largest  input  case.  Although  there 
are  negligible  differences  in  response  character 
with  the  soft  rotor,  with  the  stiff  rotor  the  char¬ 
acter  changes  dramatically  after  about  1.5  sec,  a 
sharper  peak  occurring  much  earlier  with  the 
larger  inputs.  Also,  for  the  stiff  rotor,  the 
larger  the  input,  the  more  the  response  departs 
from  being  a  rate  type,  and  pilot  appreciation  of 
pitch  control  would  be  expected  to  change.  Linear 
theory  will,  of  course,  predict  the  type  of 
response  produced  by  the  smaller  inputs;  hence, 
handling-qualities  criteria  based  on  such  analyt¬ 
ical  methods  may  be  at  variance  with  pilot  opinion 
Of  handling  qualities  during  maneuvering  tasks. 

In  addition  to  these  peculiarly  helicopter 
problems,  there  are  many  questions  common  to  the 
fixed-wing  community  that  must  be  considered;  for 
example,  how  to  specify  the  level  of  augmentation 
required,  and  provide  guidelines  for  control 
system  synthesis,  especially  when  forward  loop¬ 
shaping  is  included  so  that  the  response  to 
control  is  different  from  the  response  to  distur¬ 
bances. 


3.2  Roll-Control  Effectiveness 

Another  extremely  important  and  fundamental  criteria  which  can  have  an  effect  on  the 
basic  design  of  the  helicopter  is  roll-control  power  or  control  effectiveness.  Again,  the 
pertinent  paragraphs  from  the  four  specifications  —  MIL-F-83300,  MXL-H-8501A,  and  the 
UTTAS  and  AAH  PIDS  -  will  be  considered. 

MIL-F-83300  specifies  roll-control  effectiveness  in  terms  of  the  time  to  bank  30*. 

The  numbers  were  based  on  data  generated  for  MIL-F-8785B  and  correspond  to  the  flight 
phase  Category  c  (terminal  flight  phases  such  as  approach,  landing,  and  takeoff)  for 
small  and  medium-sized  aircraft.  This  reflects  the  V/STOL  emphasis  in  MIL-F-83300,  since 
V/STOLs,  other  than  helicopters,  are  in  the  flight  regime  of  interest  only  during  landing 
and  takeoff.  Helicopters,  of  course,  perform  most  of  their  functions  in  this  speed 
,  regime  and  can  require  controllability  quite  different  from  simply  landing  or  taking  off. 

'  MXL-H-8501A  requires  that  at  least  10%  of  the  maximum  attainable  hovering  control 

i  effectiveness  be  available  at  all  loading  and  flight  conditions.  The  hover  criteria 

4  specify  a  minimum  bank  angle  to  be  achieved  in  0.5  sec.  The  bank  angle  change  is  a  func- 

|  tion  of  weight;  it  is  plotted  in  Fig.  3.  Specifying  the  bank-angle  change  in  such  a 

short  time  (0.5  sec)  puts  an  overemphasis  on  the  effect  of  lags  and  delays  in  the  control 
system  and  is  very  sensitive  to  the  form  of  input,  that  is,  the  approximation  to  a  per¬ 
fect  step.  A  NASA  study  (Ref.  29)  showed  that  0.1-sec  transport  delay  followed  by  0.3- 
sec  ramp  is  a  reasonable  approximation  to  pilot  input.  After  1  sec,  such  an  input 
provides  about  60%  of  the  response  that  would  be  achieved  following  a  perfect  step.  At 
0.5  sec  the  difference  would  be  even  greater. 


Fig.  2.  Response  to  different 
levels  of  pitch  control  (from 
Ref.  28). 
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The  UTTAS  pids  has  no  explicit  roll- 
effectiveness  criteria.  It  requires  gearing  and 
delays  to  be  satisfactory,  and  by  virtue  of  the 
pullup-pushover  maneuver  implies  that  some  roll- 
control  power  may  be  required  at  0  g.  This 
assumption  may  not  be  true,  because  although  the 
use  of  control  to  maintain  bank  angle  within 
limits  is  not  explicitly  required  or  forbidden  for 
the  UTTAS,  for  the  AAH,  the  same  bank-angle  limits 
are  imposed  during  the  pullup-pushover  maneuver, 
but  this  time  to  be  achieved  with  roll-control 
fixed. 

The  AAH  PIDS  defines  a  minimum  gearing  or 
sensitivity  value  (13°/sec/in. )  and  demands 
linearity.  If  the  control  travel  is  the  typical 
±3  to  5  in.,  linearity  would  achieve  at  least 
40°/sec.  "Response  time"  is  required  to  be  0.7  to 

_ _  1.1  sec.  Response  time  probably  refers  to  the 

'weight, e  roll  time-constant;  if  so,  the  numbers  are  ques¬ 

tionable,  since  the  BO-105  and  OH-6A  have  roll 
Fig.  3.  MIL-H-8501A  hover  time-constants  of  0.1  and  0.2  sec,  respectively, 

roll  control  effectiveness 

requirement.  The  MIL-H-8501A  requirement  that  10*  hover 

control  effectiveness  be  available  for  overcoming 
gusts  and  upsets  and  for  maneuvering  would  seem 
to  be  insufficient.  However,  despite  past  pleas  for  documented  control  usage  (Ref.  30), 
there  is,  unfortunately,  still  little  hard  data  on  exactly  what  is  required.  Experi¬ 
menters  occasionally  specify  the  maximum  available  control  power,  for  example, in  terms 
of  L{a  6amax>  but  seldom  give  data  on  how  much  was  actually  used  during  the  maneuvers 
investigated.  An  ideal  form  of  data  presentation  is  probability  density  plots,  but  this 
format  is  cumbersome  and  there  is  the  question  of  how  much  the  low  usage  tails  can  be  cut 

off.  A  recent  X-22A  report  (Ref.  31)  shows  that  the  maximum  control  really  needed  by 

the  pilot  correlated  very  well  with  the  3  sigma  value. 

Clearly,  mission  flight  phase  has  a  large  effect  on  the  control  power  required  to 
manuever.  The  study  by  Tomlinson  and  Padfield  (Ref.  28)  referred  to  earlier  showed  that 
response  to  roll  control  for  the  configurations  investigated  was  typically  set  at  a 
value  that  allowed  a  30°  bank  angle  to  be  achieved  in  1.5  sec  with  1.0  in.  of  control 
deflection.  Control  travel  was  ±5  in.;  extrapolating  to  full  control  input  shows  that 
time  to  bank  30°  would  be  between  0.5  and  0.7  sec  for  the  more  linear  configurations. 

One  configuration  required  as  long  as  2.4  sec  to  bank  30°  with  1.0  in.  of  stick,  and  this 

was  rated  as  having  barely  sufficient  control. 

Figure  4  shows  a  plot  of  control  effectiveness  boundaries  on  a  scale  of  control 
power  L6a  5Amax»  and  control  sensitivity  LjA,  versus  roll  time-constant  tr.  This 
modified  plot  was  taken  from  the  MIL-F-83300  BIUG  (Ref.  11) ,  for  which  the  original  plot 
was  obtained  from  a  Princeton  (Ref.  33)  simulation  of  carrier  landing  approach.  The 
t3Q  lines  were  computed  using  a  single  degree  of  freedom  approximation,  and  a  0.2-sec 
ramp  control  input.  Plotted  on  the  figure  are  the  L$A  6amax  -  t  values  for  the  BO-105 
and  OH-6A  (constant  for  the  speed  range  40  to  80  knots;  taken  from  Ref.  26).  Also  shown 
is  the  range  of  "response  time"  that  is  specified  in  the  AAH  PIDS.  Clearly,  much  work 
needs  to  be  done  toward  specifying  this  important  parameter  for  helicopter  missions. 


4.  PLANS  FOR  UPDATE  8501 

The  Army  and  Navy  have  initiated  a  systematic  effort  to  develop  a  new  general  spec¬ 
ification  for  the  handling  qualities  of  military  rotorcraft.  The  effort  will  build  upon 
the  ideas,  techniques,  and  technology  developed  by  the  fixed-wing  community,  as  well  as 
utilize  the  available  experience  with  current  helicopter  specifications  and  V/STOL 
criteria.  The  existing  data  base  will  be  used  to  the  maximum  extent  possible  and  supple¬ 
mented  by  new  data  obtained  under  the  auspices  of  this  and  related  projects.  Specific 
programs  developing  new  data  bases  for  this  purpose  are  being  performed  by  the  Army  Aero¬ 
mechanics  Laboratory  and  by  NASA  at  Ames  Research  Center,  and  by  the  Navy  at  NADC, 
Warminster.  The  primary  effort  of  developing  the  specification  revision  will  be  per¬ 
formed  under  contract,  proposals  for  which  are  currently  under  evaluation;  a  contract 
award  is  planned  for  August  1982. 

Rotorcraft  to  be  covered  must  include  conventional  single  and  tandem  rotor- 
helicopters  and,  to  the  maximum  extent  possible,  high-speed  rotorcraft  such  as  compound 
(e.g.,  Lockheed  AH-56A)  and  novel  configurations  (e.g..  Bell  XV-15  Tilt  Rotor  and  the 
Sikorsky  XH-59A  ABC).  This  is  a  joint  Army/Navy  program,  and  the  resulting  specifica¬ 
tion  must  address  the  mission  requirements  of  both  services.  The  contracted  effort  will 
be  directed  by  the  Army  Aviation  Research  and  Development  Command  (AVRADCON) ,  technical 
responsibility  being  shared  between  the  Aeromechanics  (AL) (Research  and  Technology 
Laboratories)  and  the  Directorate  for  Development  and  Qualification  (D  and  Q) .  Contri¬ 
butions  to  the  program  will  also  be  made  by  NASA,  the  USAF  and  the  FAA;  a  Technical 
Committee  has  been  formed  to  coordinate  all  these  inputs. 


Fig.  4.  Roll  control  effectiveness  boundaries  (from  Refs.  11  and  33). 


Contractor  efforts  will  consist  of  analysis  and  evaluation.  Access  will  be  provided 
to  Army/Navy  (Marine)  aviation  users  for  mission  task  analysis  and  possibly  for  flight 
test  and  simulation  demonstration  and  evaluation. 

The  contracted  effort  will  be  divided  into  two  Phases:  Phase  1  will  involve  devel¬ 
oping  a  specification  structure,  incorporating  existing  data-base/cr i ter ia  into  that 
structure,  and  defining  critical  gaps  and  possible  ways  for  addressing  these  gaps. 

Phase  2  will  extend  the  effort  by  finalizing  the  structure,  incorporating  any  new  data 
and  criteria,  and  producing  a  proposed  specification  and  background  document.  This  will 
then  be  distributed  for  government  and  industry  review,  and  the  comments  will  be  reworked 
into  a  final  military  specification  and  BIUG  that  can  be  submitted  for  adoption. 

The  proposed  schedule  is  shown  in  Fig.  5.  In  phase  one  the  contractor  will  perform 
studies  and  analysis  to  develop  a  specification  structure  that  adequately  addresses  the 
following  considerations: 

1.  Rotorcraft  types  and  roles,  including  high-speed  rotorcraft  and  compounds. 

2.  Levels  of  flying  qualities 

3 .  Flight  envelopes 

4.  Systematic  treatment  of  failures  and  reliability 

5.  Categorization  of  mission  flight  phases 

6.  Flight  phase  environment,  including  day,  night,  visibility,  altitude,  terrain 
nature,  and  atmospheric  disturbances 

7.  Controllers  (including  side-stick  controllers),  displays  and  vision  aids 

Missions  for  Army /Navy  rotorcraft  will  be  analyzed  to  determine  and  characterise 
those  flight  phases  which  may  have  a  design  impact.  Army  missions  will  include  those  of 
the  Scout,  Attack,  Utility,  and  Cargo  types;  Navy  missions  will  include  ASM,  Marine 
Attack/Assault,  Vertical  Replenishment,  and  Ship-to-Shore  Cargo,  with  particular  emphasis 
on  shipboard  launch  and  recovery.  A  method  must  be  developed  and  applied  to  define  and 
quantify  these  flight  phases  and  their  constituent  tasks.  The  form  developed  must  be 
useful  for  handling  qualities  criteria  development  and  definition,  and  must  be  compatible 
with  the  proposed  specification  structure. 

It  will  be  necessary  to  develop  and  use  analytical  techniques  such  as  closed-loop 
analysis,  pilot  model  analysis,  and  equivalent  system  representation  to  characterise  the 
pilot,  the  rotorcraft  and  the  pilot/rotorcraft  interface.  These  characterisations  must 
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be  capable  of  quantitative  representation  of  the  pilot/rotorcraft  while  performing  the 
flight  phase  tasks  of  interest.  The  rotorcraft  representation  will  include  higher  order 
and  nonlinear  effects,  such  as  rotor  dynamics ,  control  system  modeling,  engine-rotor 
interactions,  and  interaxis  coupling,  with  a  sufficient  level  of  detail  to  address 
effects  which,  for  the  flight  phase  tasks  being  considered,  could  influence  the  pilot's 
workload  or  task  performance.  Some  important  topics  will  no  doubt  require  further 
development  to  become  useful  tools  in  criteria  development  or  specification  (e.g.,  low 
altitude  atmospheric  disturbance  models,  terrain  models  and  pilot  models).  These  will  be 
defined  and  prioritized  in  sufficient  detail  to  allow  definition  of  the  problem  areas  for 
independent  study  efforts  or  research  contracts. 

The  criteria  in  existing  specifications  will  be  reviewed  to  determine  the  extent  to 
which  they  can  be  verified  and  supported  utilizing  the  available  data  base.  New  or 
improved  criteria  will  also  be  developed  to  the  maximum  extent  possible.  After  defining 
what  criteria  are  valid,  and  for  what  situations,  they  will  be  incorporated  into  the  new 
structure.  This  effort  must  recognize  the  fact  that  different  characteristics  will  be 
required  for  different  mission  flight  phase  tasks  and  mission  environment  conditions. 
Priority  will  be  placed  on  defining  criteria  for  circumscribing  characteristics  that  may 
have  a  significant  effect  early  in  a  helicopter  design  process.  Where  possible.  Level  1, 
Level  2,  and  Level  3  boundaries  will  be  defined  Cin  this  context,  the  Levels  refer  to 
Levels  of  Flying  Qualities  as  defined  in  MIL-F-8785B) (Ref .  10).  Once  the  existing  data 
base  has  been  used  to  the  maximum  extent,  the  topics  not  adequately  covered  will  be 
defined  and  prioritized.  Of  high  concern  to  the  Army  are  criteria  related  to  agility  and 
maneuverability,  especially  in  day  conditions  with  relatively  unlimited  visibility,  and 
to  night  precision  tasks  such  as  NOE  hover,  unmask,  and  weapon  firings  the  Navy  is  par¬ 
ticularly  concerned  with  shipboard  launch  and  recovery.  It  is  expected  that  significant 
shortcomings  or  complete  voids  will  be  found  in  the  existing  flying  qualities  data  base. 
The  contractor  will  be  expected  to  outline  experiments  to  generate  new  data  to  address 
some  carefully  selected  critical  issues. 

The  structure  and  criteria  developed  will  be  presented  in  the  form  of  a  draft 
military  specification.  In  preparing  the  draft  specification,  the  following  guidelines 
will  be  observed; 

1.  The  requirements  should  not  inhibit  the  designer  in  choosing  a  design  approach 
for  satisfying  the  mission  requirements. 

2.  The  requirements  shall  be  in  such  a  form  that  some  means  of  demonstrating  com¬ 
pliance  (e.g.,  through  analysis,  simulation,  or  flight  test)  can  be  defined. 

3.  The  specification  should  be  as  complete  as  possible  so  that  ideally  it  sets 
forth  requirements  that  are  individually  necessary  and  that  together  form  a  sufficient 
set  to  assure  the  required  level  of  flying  qualities. 

As  part  of  the  effort  to  revise  MIL-F-8785  and  in  the  development  of  MIL-F-83300, 
supplementary  background  documents  were  prepared  which  contained  background  information 
and  guidance  for  the  specification  user,  together  with  substantiation  data  for  the 
individual  requirements.  These  documents  have  been  well  received  by  the  airframe  com¬ 
panies  and  the  government  organizations  responsible  for  applying  the  specification 
requirements,  and  similar  documents  will  be  required  for  the  MIL-H-8501B  effort. 


5. 


CONCLUSIONS 


Operational  experience  over  many  years  suggests  that  current  specifications  provide 
guidance  that  will  provide  flight  safety  in  benign  VFR  conditions  and  with  modest  flight 
tasks.  Current  missions  involving  operations  in  poor  weather  and  at  night,  NOE  flight 
while  avoiding  threats  and  possibly  engaging  in  air-to-air  combat,  and  extended  condi¬ 
tions  for  shipboard  launch  and  recovery,  will  require  much  more  rigorous  capabilities. 

New  requirements  need  to  be  developed,  and,  to  ensure  that  they  do  not  get  imposed  unnec¬ 
essarily,  a  format  must  be  used  that  distinguishes  those  helicopters  that  must  meet  the 
requirement  from  those  that  do  not  need  to. 

Many  operational  missions  require  special  displays  and  vision  aids  so  these  charac¬ 
teristics  must  be  included  in  a  flying-qualities  specification  along  with  the  vehicle 
stability  and  control  characteristics  and  controller  characteristics. 

Current  specifications  provide  rather  sparse  coverage  so  thet  some  topics  are  not 
addressed  at  all,  and  some  very  basic  topics  are  covered  rather  poorly.  For  example,  the 
longitudinal  dynamic  response  requirement  in  MIL-H-8501A  covers  low-frequency  oscilla¬ 
tions  but  does  not  address  che  important  short-term  response.  Boundaries  have  been  added 
in  the  UTTAS  and  AAH  PIDS  to  attempt  to  address  this  but  the  resulting  boundary  is  ques¬ 
tionable.  No  attempt  whatsoever  has  yet  been  made  to  cover  higher-order  effects  such  as 
nonlinearities  and  cross-coupling.  The  requirement  for  roll-control  effectiveness,  which 
could  have  a  major  effect  on  the  design  of  the  rotor  system,  needs  much  more  work  to 
establish  a  data  base  for  a  substantial  requirement. 

A  new  program  has  been  initiated  by  the  Army  and  Navy  to  update  the  helicopter  spec¬ 
ification.  The  plan  is  to  develop  a  new  structure,  develop  and  incorporate  requirements 
to  the  extent  that  they  can  be  substantiated  and,  after  performing  a  coordination  review 
with  industry,  promulgate  a  new  specification.  Undoubtedly,  many  topics  will  be  identi¬ 
fied  that  have  not  been  adequately  covered,  so  the  critical  gaps  will  be  identified  and 
given  emphasis  in  the  ongoing  R&D  data-base  generation  efforts. 
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L‘ IMPACT  DE  LA  CAG  (Commands  Automatique  Generalisee)  (*) 

SUR  LES  QUALITES  DE  VOL  DES  HEL I COPTERES 

Marcel  KRETZ 
Ing4nieur  en  Chef 
Giravions  Dorand  Industries 
921  SI  Suresnes,  France 


RESUME 


Au  cours  des  ann4es  1970  -  1980,  un  changement  notable  eat  intervenu  dans  les  moyens  envisages  pour 
controler  les  conditions  de  fonctionnement  d'un  rotor  d 'h41icoptere .  S'inspirant  par  sa  technique  et  sa 
philosophie  de  base  de  la  CAG  des  voilures  fixes,  la  nouveaut4  consiste  a  uontrdler  les  ph4nomenes  dyna- 
miques  (vibrations,  instabilites)  et  aerodynamiques  (decrochage,  interactions,  rafales)  dans  la  bande  des 
frequences  nettement  plus  elevees  que  la  bande  utilisee  par  le  pilote  automatique,  couvrant  les  frequences 
s'etendant  jusqu'a  30  Hz  au  moins.  Simultanement,  Involution  des  helicopteres  militaires  a  cree  des  exi¬ 
gences  nouvelles  concernant  les  qualites  de  vol,  et  dont  on  peut  trouver  l'origine  dans  :  1' augmentation 
de  la  charge  sur  le  disque,  l'arrivee  des  formules  nouvelles  des  appareils  a  voilures  tournantes  (rotor 
basculant,  ABC,  X-Wing,  rotor  stoppable  et  escamotable )  et  1 1 41argissement  du  domaine  de  vol  (p  plus  eleve, 
<-2moy  P^us  eleve).  La  communication  contient  une  analyse  de  l'impact.  que  risque  d'exercer  la  CAG  sur  les 
qualites  de  vol  et  une  discussion  des  avantages  que  son  introduction  peut  procurer.  En  conclusion,  les 
limitations  des  commandos  ictuelles,  provenant  du  plateau  monocyclique,  seront  dans  l'avenir  repoussees 
grace  aux  commandes  nou.iies,  orientees  vers  des  systemes  optimises,  auto-adaptatifs  a  boucles  multiples, 
permettant  un  degre  super ieur  d 'optimisation  des  qualites  de  vol. 


1  .  -  INTRODUCTION 


La  derniere  decade  a  vu  un  changement  considerable  en  preparation  dans  le  domaine  de  la  commande 
des  helicopteres.  Un  effort,  inspire  par  la  CAG  des  voilures  fixes,  est  fait  pour  elargir  la  bande  passante 
d'entree  afin  de  pouvoir  contrdler  les  phenomenes  dynamiques  et  a4rodyr.amiques  bien  au-dela  du  domaine  du 
pilotage  monocyclique  que  le  plateau  cyclique  classique  autorise  (Refs.  1  a  6) .  Malgre  le  fait  que  les 
objectifs  de  cette  nouvelle  technique  demandent  la  reduction  des  vibrations,  1 ' elimination  du  decrochage, 
l'absorption  des  interferences  aerodynamiques,  la  suppression  des  perturbations  atmospher iques  et  l'intro- 
duction  de  la  stabilite  artificielle  (Fig.  1),  l'impact  sur  les  qualit4s  de  vol  risque  d'etre  considerable 
et  ouvre  des  possibilites  nouvelles  aux  ameliorations  des  qualites  de  pilotage  des  helicopteres  actuels. 
Nous  assisterons  dans  l'avenir,  non  seulement  a  l'extension  du  domaine  de  vol,  mais  aussi  a  l'allegement 
de  la  tache  du  pilote  par  1 ■ introduction  des  boucles  internes,  travaillant  independamment  pour  ameliorer 
les  reponses  dynamiques  de  1 'helicoptere  et  pour  eviter  les  effets  nuisibles  des  couplages  entre  les 
degres  de  liberte.  En  ayant  cette  evolution  des  commandes  en  memoire ,  rappelons  que  1 ' hel icoptere  moderne, 
en  comparaison  aver  ceux  volant  il  y  a  dix  ans,  pr4sente  des  tendances  de  definition  nouvelles  et  certains 
changements  de  la  d  -  line  operationnelle  rendant  les  problemes  de  qualites  de  vol  nettement  plus  s4verea . 
Nous  pouvons  distinguir  cinq  tendances  : 

•  La  charge  sur  le  disque  a  presque  double  au  cours  des  derniers  dix  4  quinze  ans,  entralnant,en  consequen¬ 
ce,!  'augmentation  du  niveau  energetique  du  sillage  et  provoquant,  a  son  tour,  des  distorsions  plus 
elevees  des  charges  aerodynamiques  et  une  dissipation  considerable  de  puissance  (Refs .  7  et  8). 

•  La  mission  du  vol  en  rase-mottes  (NOE)  a  4t4  adoptee  pour  assurer  une  relative  s4curit4  grace  4  l'effet 
de  masque  des  accidents  de  terrain  et  est  devenue  particulierement  exigeante  en  ce  qui  concerne  les 
qualit4s  de  vol  des  helicopteres  militaires  modernes. 

•  En  r4ponse  4  la  demande  de  missions  de  plus  en  plus  difficiles,  l'industrie  propose  des  ADAV  d'avant- 
garde,  caract4ris4s  par  l'adjonction  des  ailes,  par  le  basculement  des  rotors,  par  l'addition  des  moyens 
de  propulsion  auxiliaires  (ABC),  par  1'arrSt  du  ou  des  rotors,  (X-Wing,  Tilt  Rotor),  par  1’arrSt  et 
l'escamotage  du  rotor  (R4f.  9).  Ces  concepts  nouveaux,  structuralement  et  fonctionnellement  plus  com¬ 
plexes,  introduisent,  en  outre,  la  transition  et  n4cessitent  un  effort  important  d'all4gement  des  tSches 
du  pilote. 

•  Corr41ativement,  l'expansion  du  domaine  de  vol  de  1 ' hel icoptere  classique  est  devenue  une  exigence 
prioritaire.  Pour  atteindre  des  parametres  d'avancement  (p  )  et  des  coefficients  de  portance  (Cz^y) 

les  plus  Aleves  possibles,  l'h41icoptere  actuel  fonctionne  et  manoeuvre  aux  frontieres  et  souvent  au-dela 
des  frontieres  d'accessibilit4  (R4f.  13).  La  CAG  permet  dans  de  tels  cas  d'assouplir  les  contraintes 
existantes  et  de  rendre  la  manoeuvre  possible  dans  des  situations  autrement  interdites. 

En  cons4quence ,  une  tendance  g4n4rale  est  n4e  de  d4passer  les  limitations  classiques  de  l'h41icopt4re  pour 
41argir  ainsi  son  domaine  de  vol  (R4fs.  1,  2  et  4).  I 

•L'avantage  principal  de  la  CAG,  introduit  sur  les  voilures  tournantes,  permet  de  proc4der  4  un  degr4 
sup4rteur  de  1 'optimisation  des  conditions  de  fonctionnement  de  l'h41icopt4re.  Cette  optimisation  est 
obtenue  par  la  d4tection  des  conditions  de  fonctionnement  et  de  charge,  par  le  traltement  ad4quat  de 
cette  information  et,  finalement,  par  l'utilisation  du  signal  r4sultant  dans  la  boucle  de  retour  de  la 
coamande  classique  ou  nouvelle  en  vue  de  l'am411oration  du  comportement  dynamique  de  l'appareil,  Fig. 2. 

La  r4f4rence  S  donne  un  certain  nombre  d'exemples  sp4cifiques  de  l'application  de  cette  technique. 


FOR  ENGLISH  VERSION  SEE  PAGE  4. 
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Objtctif: 


ELARGISSEMENT  DE  L' ENVELOPPE  DE  VOL 


"  "  T1 

ORIENTATIONS  OES  RECHERCHES 


Action  insiinlante 


ELIMINATION  OE  : 


Pilotage  multicyclique 


REDUCTION  DE: 


Stability  artificielle 


ELIMINATION 
DE S  INSTABILITES  : 


• 

Decrochage 

• 

Vibrations 

• 

Cz 

eleve  (facteur  de  charge) 

• 

Compress ibilite 

• 

Charge  dans  les 
commandes 

• 

V 

eleve  (vitesse) 

• 

Rafales,  Perturbations 

• 

Contraintes  dans 

• 

Interactions 

les  pales 

• 

Couplages  mycaniques  et 

• 

Puissance  instaliye 

aeroelastiques . 

Fig.  t  -  La  CAG  des  rotors  d 1 helicoptere 


Retnarquons  ici  que,  dans  la  recherche  des  performances  superieures  de  la  manoeuvrability  et  de  la  mania- 
bilite  de  1 ’helicoptere,  la  theorie  de  la  commande  optimale,  utilisant  les  filtres  de  Kalman,  montre  une 
4  grande  utilite  (Ref.  14).  Cette  approche  est  rendue  d’autant  plus  facile  que  la  dycouverte  de  la  matrice 
de  transfert  du  rotor  a  fourni  un  modele  analytique  particulierement  simple  (Ref.  15). 

Dans  cette  communication,  nous  nous  concentrerons  pour  etudier  l’etendue  de  l’impact  de  la  CAG  sur  les 
qualites  de  vol  des  hyiicopteres  et  mentionnerons  des  criteres  qui  permettront  la  qualification  des  solu¬ 
tions  nouvelles  envisagees. 

2.  -  LES  LIMITATIONS  DES  COMMANDES  ACTOELLES  DE  L1 HELICOPTERS 


La  commande  classique  de  l’helicoptere- utilise  le  plateau  cyclique  errant  une  variation  monocyclique 
du  pas  de  pales.  La  position  du  plateau  cyclique  peut  etre  modifiee  librement  par  le  pilote  ou  par 
le  pilote  autoroatique.  Ce  systeme  introduit  une  double  limitation  : 

•  d’une  part,  les  variations  du  pas  sont  pratiquement  limityes  a  des  variations  une  fois  par  tour 
du  rotor. 

•  d’autre  part,  les  variations  de  pas  de  toutes  les  pales  sont  ;-4riodiquement  les  mymes  a  cause  du 
couplage  mecanique  provenant  du  plateau  cyclique. 

Le3  ryferences  1,  2  et  4  montrent  comment  ces  limitations  peuvent  £tre  yiiminees.  II  sera  done 
possible  dans  l’avenir  d’introduire  le  pilotage  multicyclique  pour  reduire  les  vibrations  et  utiliser 
un  concept  nouveau,  commande  individuelle  de  la  pale,  pour  yviter  le  dycrochage  et  cryer  la  stability 
artificielle. 

La  CAG  s’oriente,  en  plus,  vers  des  solutions  encore  plus  ryvolutionnaires  comprenant  1 ’ yiimination 
du  plateau  cyclique  et  1 ’ installation  des  vyrins  electrohydrauliques  dans  la  partie  tournante  de  la 
tete  du  rotor . 

Toutefois,  dans  l'lmmediat,  la  CAG  comprend  le  plateau  cyclique  et  la  cinymatique  classique.  Le 
pilotage  multicyclique  et  la  commande  individuelle  de  la  pale  s’ introduiront  grace  aux  oscillations 
imposees  a  la  partie  non-tournante  du  plateau  cyclique. 

3.  -  APPLICATION  DE  LA  CAG  AUX  VOI LURES  TOURNANTES 


Les  disposltifs  de  CAG  projetes  au  cours  des  annyes  70  reprysentent  des  systymes  comprenant  les 
pilotes  automatlques  et  des  augmentateurs  de  stability  d'origine  plus  ancienne.  Les  nouveaux  dis- 
positifs  ont  un  champ  d'appllcation  nettement  plus  large  et  sont  caractyrises  par  une  bande  passante 
superleure  a  30  Hz.  Le  tr  litement  de  1' information  captye  est  plus  yiabory,  plus  sophistiquy,  agit 
a  l'insu  du  pilote  pour  remplir  des  tSches  hors  des  aptitudes  du  pilote  ou  des  tSches  soulaneant 
,  son  travail. 

^  A  la  base,  la  technoloqie  de  la  CAG,  telle  qu'elle  est  envisagye  sur  les  hyiicoptyres,  ne  diffyre 

(  pas  de  celle  appliquye  aux  vollures  fixes  :  la  thyorie,  les  approches  analytiques,  la  technique  des 

calculateurs  numyriques  et  des  vyrins  A  large  bande  passante,  les  commandes  yiectriques  ou  par 
fibres  optiques,  sont  analogues  A  celles  des  avions.  La  diffSrence  caractyristique  provlent  du  fait 
*  que  les  phynomenes  intyressant  les  rotors  sont  pyriodiques  et  peuvent  £tre  dyer its  par  un  systAme 
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d' equations  dif ferentielles  liniaires  dont  les  coefficients  sont,  toutefois,  pdriodiques  (variables 
avec  le  temps) .  Ce  fait  introduit  un  certain  degrd  de  souplesse  dans  le  traitenent  analytique  de  la 
dynamique  du  rotor  avec  la  possibility  de  procider  par  iterations,  tour  par  tour,  pour  atteindre 
progressivement  un  etat  optimise  satisfaisant  aux  criteres  de  performance  priditerminis.  Plus  par- 
ticulierement,  la  decouverte  de  la  matrice  de  transfert  du  rotor  fournit  une  relation  tres  simple 
entre  les  coefficients  de  Fourier  caracterisant  les  signaux  d'entrie  et  de  sortie.  Cette  matrice  de 
transfert  constitue  un  modele  analytique  tres  pratique  dans  les  applications  de  la  thiorie  de  la 
commande  optimale  stochastique.  Refs  14  et  15.  Ainsi,  des  moyens  analytiques  trie  puissants  sont 
disponibles  dans  la  recherche  des  qualites  de  vol  supirieures,  au  moment  ou  la  demande  s'y  fait 
sentir  de  plus  en  plus  pressante. 

4.  -  ASSERVISSEMENT  ANTI -DECROC HAGE,  UN  EXAMPLE  D1 APPLICATION  DE  LA  CAG 

L' application  de  la  CAG  aux  rotors  d'hilicopteres,  Fig.1,  montre  un  caractire  multidirectionnel , 
tres  varie  par  ses  objectifs.  L' impact  sur  les  qualitis  de  vol  se  ressentira  done  sur  les  niveaux 
differents  avec  un  degre  d'influence  different.  Les  dispositifs  signales  sont  actuellement  dans  leur 
phase  de  recherche  et  une  revue  exhaustive  semble  encore  prematuree.  Nous  allons  done  prendre  un 
exemple  dont  1* influence  sur  les  qualites  de  vol  nous  semble  la  plus  importante  et  nous  analyserons 
un  asservissement  base  sur  la  commande  individuelle  de  la  pale  pour  iviter  le  ddcrochage  de  la  pale 
reculante,  asservissement  anti-decrochage.  Nous  prendrons  1 ' ilimination  du  dicrochage  comme  cas 
typique  d* application  de  la  CAG  et  montrerons  l'impact  que  ce  concept  peut  avoir  sur  les  qualitis 
de  vol  de  l'helicoptere.  Ce  concept,  actuellement  experimente  en  soufflerie,  Rif.  6,  est  capable 
d'ameliorer  considerablement  les  qualites  de  manoeuvre  grace  a  l'economie  de  puissance  qu'il  peut 
apporter.  Son  idee  de  base  est  simple  et  consiste  en  la  riduction  du  pas  de  la  pale  lorsque  le 
coefficient  de  portance  local  Cz  atteint  des  valeurs  avoisinant  le  decrochage.  La  figure  3  montre  un 
cas  bi-dimensionnel ,  qui  peut  etre  facilement  etendu  au  cas  tri-dimensionnel.  Sur  la  figure  3  nous 
remarquons  que  pour  le  meme  Cz  =■  1,1,  la  trainee  varie  dans  le  rapport  1  a  10.  Aussi,  pour  des  raisons 
de  simplicity  de  la  demonstration,  nous  admettrons  des  variations  quasi-statiques  de  la  portance  et  de 
la  trainee.  Considerons  deux  cas  de  vol  identiques,  differant  uniquement  par  la  maniere  d'obtention 
de  la  portance.  Le  premier  cas  est  classique,  le  second  realise  la  meme  variation  de  la  portance  sans 
decrochage,  grace  a  un  controle  adequat  de  1' angle  d'attaque  maintenant  le  point  de  fonctionnement 
sur  la  partie  lineaire  de  la  caracteristique  de  Cz.  II  devient  alors  evident  que  nous  rialiserons 
une  economie  de  puissance  dans  le  second  cas.  Une  telle  economic  de  puissance  a  ete  demon trie  expe- 
rimentalement  au  cours  des  essais  recents  en  soufflerie.  Dans  ce  cas  typique,  le  gain  inergitique 
atteint  8%  pour  p  »  0,3  et  CZmoy  «  0,6,  Fig.  4.  L'etude  theorique  d'un  cas  analogue  :  p  -  0,3, 

Czmoy  =  0,615,  a  montre  un  gain  ae  puissance  de  10%  accompagni  d'un  gain  possible  de  portance  de  5%, 
Fig.  5.  Aux  grandes  vitesses,  les  gains  de  puissance  et  de  portance  permettront  d'augmenter  la  marge 
entre  la  puissance  en  palier  et  la  puissance  maximale  disponible  avec  effet  benef ique  pour  l'exicu- 
tion  des  manoeuvres  lentes,  a  facteur  de  charge  eleve.  La  figure  6,  reproduite  de  la  Rif.  13,  montre 
la  variation  de  l'angle  d'attaque  local,  a  801  du  rayon  de  la  pale.  Mime  dans  les  cas  aussi  extremes, 
le  decrochage  peut  etre  evite  grace  a  la  commande  active  et  apporter  une  marge  energitique  nettement 
super ieure.  Les  limitations  dues  au  decrochage  peuvent  etre  surmonties  en  apportant  1 ' augmentation 
de  la  manoeuvrability  de  l'appareil.  Plus  particulierement,  la  zone  des  "pertes  dues  au  dycrochage", 
qui  figure  sur  la  figure  7,  correspond  au  point,  ou  les  effets  dus  au  dycrochage  deviennent  signi- 
ficatifs.  Les  conditions  de  vol  dans  cette  zone  montrent  u n  accroissement  rapide  de  la  puissance 
demandee  et,  sur  certains  types  de  rotor,  des  contraintes  elevees  dans  les  pales,  le  flottement  des 
pales,  des  problemes  de  perte  de  contrdle.  Cette  zone  difinit  par  ailleurs,  le  point  de  rifirence 
limite  en  Cz^y  pour  des  manoeuvres  lentes  au-dela  duquel  les  besoins  en  puissance  installie 
deviennent  excessifs.  Ref.  13.  II  est  possible  de  deplacer  cette  zone  vers  la  limite  extrSme  "limite 
aerodynamique  de  Cz^y",  liie  au  Cz,„ax  du  profil  de  pale,  avec  l'avantage  de  1' augmentation  de  la 
marge  de  puissance  disponible  et  de  l'ilimination  du  flottement  des  pales. 

D'apres  la  figure  1,  1 ' elimination  du  decrochage  reprisente  une  des  multiples  possibilitis  de  la  CAG, 
capables  d'apporter  des  avantages  substantiels  en  amiliorant  les  performances  dynamiques  de  l'hili- 
coptere.  Parmi  les  diverses  boucles  d' asservissement  signalies,  1' asservissement  anti-dicrochage 
exercera  une  influence  prepondirante  sur  les  qualitis  de  vol  grSce  A  l'apport  d'une  marge  inergitique 
nettement  plus  elevee. 

Nous  examinerons  ensuite  dans  quelle  mesure  1 ’ introduction  de  la  CAG  peut  modifier  les  critires  de 
pilotage. 

5.  -  L' IMPACT  DE  LA  CAG  SUR  LES  QUALITES  DE  VOL 

L' introduction  de  la  CAG  ne  semble  ni  apporter,  ni  necessiter  des  modifications  des  critires  dijl 
existants  ou  des  approches  utilisees  pour  leur  itablissement.  Toutefois,  nous  pensons  que  la  thiorie 
moderne  de  la  commande  optimale  stochastique  utilisant  des  filtres  de  Kalman  ou  des  algorithmes 
iquivalents  rendra  d'une  part,  l'analyse  des  qualitis  de  vol  plus  approfondie  et,  d'autre  part,  plus 
objective. 

L' optimisation  utilise  une  fonction  de  coQt  qui  fournit  la  base  pour  notre  jugement.  Les  matrices  de 
pondiration  constituent  la  partie  arbitraire,  subjective  des  contraintes,  fruit  d'une  experience 
passie.  Une  fois  diflnies,  les  matrices  nous  donnent  un  paramitre  de  quality  instantanie,  caractiri- 
sant  simultanyment  l'appareil,  la  commande  et  le  pilote.  Dans  ce  cas,  les  critires  deviennent  un  seul 
critere,  risultat  pondiri  de  tous  les  criteres  dont  nous  disposons  quantitativement. 

La  performance  ne  forme  pas,  toutefois,  le  seul  facteur  qui  qualifie  l'appareil.  II  est  Indispensable, 
en  outre,  de  prendre  en  compte  l'effort  fourni  par  le  pilote  pour  accomplir  cette  performance.  Nous 
somme  amenys  ainsi  k  revenir  4  la  procydure  de  quotation  du  pilote  ou  4  ytablir  un  modfele  analytique 
du  pilote  humain  tenant  compte  des  effets  de  fatigue  et  de  la  dygradation  de  la  performance  du  pilote 
en  fonction  aussi  bien  de  la  dur4e  que  de  la  difficulty  de  sa  tSche. 


Si  aucune  aolution  global*  na  point*  encor*  &  1' hot iron,  nous  pouvona  raiaonnabl*a*nt  noua  attendee 
4  l'amdlioration  d*  la  coopr4henslon  d*s  ph4noa&n*s  fondamantaux  *t  du  traitement  analytiqua  d*a 
problems  complexes  d*  l'op4rateur  hunain,  amelioration  qua  1 1  application  da  la  CAG  apportarait  au 
coura  da  la  prochaine  d4cade. 

6.  -  CONCLUSION 

Bn  conclusion,  las  limitations  da  l'hdlicoptere  actual  saront  d4pass4es  dans  l'avanir  grSca  aux 
systems  nouvaaux,  orient 4s  vers  las  cooaandas  autooatiquas  g4n4ralis4as,  caract4ris4as  par  das 
asservissemants  4  boucles  multiples,  optimis4es  et  auto-adaptati vas ,  qui  parmattront,  4  laur  tour, 
une  optimisation  4  un  niveau  plus  41ev4,  des  qualit4s  de  vol.  Parmi  las  multiples  assarvissamants 
envisages,  l'asservissemant  anti-d4crochage  conatitua  la  systAae  dont  1' impact  sera  1*  plus  prononc4 
sur  les  qualit4s  de  vol.  Ses  effets  benef iques  s'exerceront  sur  la  marge  de  puissance  grSca  4  un 
exces  energetigue  qua  1* elimination  du  d4crochage  paut  apportar. 

La  recherche  concernant  la  CAG  est  caract4ris4e  par  un  vaste  champ  d' application,  mais  demands  un 
effort  considerable  da  developpamant  pour  s'int4grer  aux  h41icopt4rea  op4rationn*ls. 

7.  -  REFERENCES  (Voir  page  7  ) 
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ABSTRACT 

Notable  changes  have  occurred  during  the  last  decade  in  the  concepts  envisaged  for  controlling  the  working 
conditions  of  helicopter  rotors.  New  trends,  prompted  by  the  techniques  of  active  control  applied  to  fixed 
wings,  are  oriented  towards  the  automatic  control  of  dynamic  phenomena  (vibration,  instability)  and  aero¬ 
dynamic  phenomena  (stall  effects,  interaction,  gusting).  These  new  trends  feature  frequency  responses  much 
wider  than  those  of  conventional  autopilots,  extending  up  to  30  Hz.  At  the  same  time,  contemporary 
military  helicopter  design  has  become  much  more  demanding  with  regard  to  handling  qualities  :  higher  disk 
loading,  NOE  mission  requirement,  advent  of  advanced  rotor  aircraft  concepts  (tilt  rotor,  ABC,  x-wlns . 
Stoppable  and  stowable  rotors)  and  a  general  broadening  of  the  flight  envelope  (higher  p  and  higher  C^). 

The  paper  analyzes  the  impact  of  active  control  on  handling  qualities  and  discusses  the  benefits  that  may 
be  reaped  from  their  implementation.  In  conclusion,  present-day  control  system  limitations  due  to  the  use 
of  monocyclic  swashplate  principles  will  have  to  be  removed  in  the  future  by  unconventional  control 
systems  based  on  multiloop  self-adaptive  control  resulting  in  higher-order  optimization  of  handling 
qualities. 

1.  -  INTRODUCTION 

The  last  decade  has  witnessed  the  preparation  of  major  developments  in  helicopter  rotor  control. 
Prompted  by  the  techniques  of  active  control  applied  to  fixed  wings,  designers  have  attempted  to  widen 
frequency  responses  to  encompass  control  dynamic  and  aerodynamic  phenomena  far  beyond  the  monocyclic 
capabilities  of  the  conventional  helicopter  rotor  swashplate  (Refs.  1  through  6).  Although  the  main  goals 
of  these  new  techniques  Include  reduced  vibration,  the  elimination  of  stall  conditions,  the  absorption  of 
aerodynamic  Interference,  the  elimination  of  external  disturbance  and  the  implementation  of  artificial 
stability  (Fig.  1),  their  Impact  on  handling  quality  will  be  considerable,  providing  new  opportunity  to 
uprate  the  flying  qualities  of  present  helicopters.  In  the  future,  we  shall  not  only  see  extended  flight 
envelopes  but  also  simplification  of  the  pilot's  task  by  the  introduction  of  inner  independently  operating 
loops  improving  the  dynamic  response  of  the  helicopter  and  eliminating  the  prejudicial  effects  of  rasponse 
coupling.  While  considering  this  development  of  flight  control  techniques,  it  should  be  borne  in  mind  that 
today's  operational  doctrines  compared  with  those  of  the  past  raise  much  more  severe  handling  problems. 
Five  distinct  areas  of  development  tendencies  may  be  identified  : 

•  Disk  loading  has  nearly  doubled  over  the  last  ten  years,  with  a  subsequent  increase  in  rotor-wake  power 
levels  producing  in  turn  higher  air  load  and  power  dissipation  distortion  (Refs.  7  and  8). 
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Figure  1  -  ACTIVE  CONTROL  OF  HELICOPTER  ROTORS 


•  The  nap-of-the-earth  (NOE)  mission,  adopted  to  take  advantage  of  the  relative  protection  afforded  by 
terrain  masking.  Is  highly  demanding  in  maneuverability  of  present-day  military  helicopters  (Refs.  10, 

11  and  12). 

•  In  order  to  meet  these  ever-increasing  operational  requirements,  advanced  VTOL  rotor  concepts  appeared  : 
the  addition  of  fixed  wings,  tilting  rotors,  addition  of  auxiliary  propulsion  (ABC),  rotor  stopping  in 
flight  (the  X-wing  and  tilt-rotor),  rotor  stopping  and  stowage  in  flight  (Ref.  9).  Moreover,  these 
concepts  requiring  greater  structural  and  functional  complexity  Involve  transition  flight  conditions 
making  it  essential  to  alleviate  the  pilot's  task. 

•  At  the  same  time,  extension  of  the  pure  helicopter  flight  envelope  constitutes  a  high-priority  require¬ 
ment.  Striving  towards  higher  advance  ratios  (p)  and  higher  blade  loading  (C  ),  the  modern  helicopter 
is  operating  and  maneuvering  on  and  sometimes  beyond  the  boundaries  of  accessibility  areas  (Ref.  13). 
Here  again,  active  control  can  relieve  natural  constraints,  rendering  a  particular  maneuver  acceptable 
in  otherwise  unacceptable  situations.  Consequently,  there  is  a  general  tendency  to  relax  present-day 
helicopter  limitations  and  broaden  the  flight  envelope  (Refs.  1,  2  and  4). 

•  The  prime  advantage  of  active  control  as  applied  to  rotary  wings  Is  the  higher-order  optimization  of 
helicopter  working  conditions.  Such  optimization  is  achieved  essentially  by  sensing  the  helicopter 
working  and  loading  status,  processing  the  resulting  information  in  an  appropriate  manner  and  then 
feeding  it  back  to  a  conventional  or  unconventional  control  system  for  improving  the  dynamic  behavior  of 
the  craft  (Fig.  2).  Ref.  5  gives  specific  examples  of  the  application  of  these  techniques  to  rotary 
wings.  It  should  be  mentioned  here  that  Kalman's  optimal  estimation  theory  is  extremely  valuable  in  the 
quest  for  the  Improved  handling  qualities  of  helicopters  (Ref.  14).  This  was  made  possible  by  the 
development  of  an  extremely  simple  analytical  model  of  the  rotor  :  the  rotor  transfer  matrix  (Ref.  15). 

This  paper  concentrates  more  particularly  on  the  extent  of  the  impact  that  feedback  may  have  on 
the  handling  qualities  of  future  helicopters  and  mentions  additional  criteria  that  could  help  In  the 
evaluation  of  new  technical  propositions. 

2.  -  LIMITATIONS  OF  PRESENT  HELICOPTER  ROTOR  CONTROL 


Conventional  helicopter  rotor  control  Is  achieved  by  the  use  of  a  swashplate  system  producing 
monocyclic  blade  pitch  variation.  The  setting  of  the  swashplate  can  be  modified  as  required  by  the  pilot 
or  an  autopilot.  Such  a  system,  however,  has  two  major  limitations  : 

•  Firstly,  pitch  variations  are  practically  limited  to  one  per  revolution. 

•  Secondly,  the  periodical  variations  of  all  blades  are  the  same,  since  they  are  produced  by  the  same 
swashplate.  References  1,  2  and  4  show  how  such  limitations  can  be  overcome  and  how  In  the  future  It 
will  be  possible  to  Introduce  multicyciic  pitch  variation  to  reduce  vibration  and  make  use  of  a  new 
concept  :  Individual  Blade  Control  (IBC)  to  avoid  stall  and  create  artificially  enhanced  stability.  In 
addition,  active  control  offers  the  promise  of  still  further  conceptual  changes  of  a  revolutionary 
nature,  Including  elimination  of  the  swashplate  and  the  use  of  electrohydraullc  actuators  in  the 


rotating  part  of  the  rotor  hub.  In  tha  naar  futura,  however,  tha  actlva  control  or  rotary  wings  will 
retain  tha  awaahplate  and  conventional  linkages.  Tha  1BC  Inputa  of  higher  harmonic  content  will  be  fed 
to  the  rotor  by  appropriately  controlled  oscillation  of  the  non-rotating  part  of  the  awaahplate. 

3.  -  APPLICATION  OF  ACTIVE  CONTROL  TO  ROTARY  WINGS 

The  type  of  active  control  proposed  In  the  seventies  Involved  aystaas  comprising  autopilots  and 
stablllty-augaentatlon  devices  developed  earlier.  Today's  proposals  have  a  much  wider  range  of  application 
and  possess  a  nuch  nore  extended  frequency  band  of  at  least  30  Hz.  The  processing  of  signals  la  much  more 
elaborate  and  sophisticated,  performed  Independently  of  pilot  action,  for  executing  tasks  beyond  human 
scope  or  assisting  the  pilot  to  assume  his  workload.  Basically,  active  control  techniques  as  applied  to 
rotary  wings  are  closely  similar  to  those  applied  to  fixed  wings  with  regard  to  theory,  analytical 
approach,  the  use  of  microprocessors,  wlde-band  actuators  and  fly-by-wlre  or  fly-by-light  controls.  The 
main  differences  arise  from  the  fact  that  rotor  phenomena  are  periodic  and  can  be  described  by  a  system  of 
linear  differencial  equations  with  periodic  (time-variable)  coefficients.  This  fact  Introduces  a  certain 
degree  of  flexibility  In  the  analytical  treatment  of  rotor  dynamics  with  the  possibility  of  applying 
iterative  methods  to  achieve  an  optimized  state  satisfying  predetermined  performance  criteria  by  succes¬ 
sive  approximation.  In  particular,  the  discovery  of  the  rotor  transfer  matrix  provided  an  easily  manage¬ 
able  relationship  between  the  input  and  output  Fourier  coefficients.  This  rotor  transfer  matrix  consti¬ 
tutes  an  analytical  model  highly  suitable  in  applications  of  the  Kalman's  optimal  estimation  theory  (Kefs. 
14  and  IS).  Powerful  tools  are  thus  available  to  assist  In  the  search  of  improved  flying  quality  in  the 
face  of  the  severe  specifications  generated  by  new  requirements. 

4.  -  STALL  BARRIER  FEEDBACK  :  AN  EXAMPLE  OF  ACTIVE  CONTROL  APPLICATION 

The  application  of  active  control  to  helicopter  rotors  (Fig.  1)  is  of  a  multipurpose  nature  with 
many  facets  and  orientations.  The  impact  on  handling  qualities  is  felt  at  different  levels  and  to 
different  degrees  of  effectiveness.  Systems  being  presently  studied  are  at  the  research  stage  and  it  would 
appear  too  early  to  review  all  of  them.  We  shall  therefore  consider  an  example  that  could  have 
considerable  influence  on  handling  qualities  and  concentrate  on  an  IBC-based  feedback  system  avoiding 
stall  on  the  retreating  side  of  the  rotor  disk.  Stall-avoidance  is  taken  as  a  typical  application  of 
active  control  to  helicopter  rotors  and  illustrates  the  Impact  that  this  concept  could  have  on  helicopter 
handling  qualities.  According  to  experimental  data  produced  by  wlndtunnel  investigations  (Ref.  6),  this 
concept  has  considerable  potential  for  improving  the  maneuvering  ability  of  a  helicopter  by  appreciable 
power  savings.  Known  as  Stall  Barrier  Feedback  or  simply  SBF  (Ref.  6),  this  concept  is  based  on  the 
elementary  idea  of  reducing  blade  pitch  when  the  local  C  reaches  values  close  to  those  of  stall  onset. 
Fig.  3  shows  a  2-D  case  which  may  easily  be  extended  to  Hie  3-D  case.  It  is  seen  that  the  drag  is  ten 
times  more  for  the  same  C  of  1.1.  For  the  sake  of  simplicity,  we  shall  consider  the  quasl-steady-state 
lift  and  drag  variations,  we  shall  consider  two  identical  flight  configurations,  differing  only  by  the 
manner  of  creating  lift.  The  first  la  conventional,  whilst  the  second  achieves  the  same  lift  variation 
without  stalling  by  appropriate  blade  pitch  control  on  the  linear  part  of  the  characteristic.  It  Is 
obvious  that  the  second  saves  power,  as  has  been  demonstrated  by  recent  wlndtunnel  testing.  Typically, 
such  saving  can  amount  to  8*  with  an  advance  ratio  of  0.3  and  a  lift  coefficient  of  0.6  (Fig.  4).  Theore¬ 
tical  analysis  of  a  similar  flight  configuration  with  «  «  0.3  and  C,  -  0.615  resulted  In  a  power  saving  of 
10X  with  a  5Z  Increase  in  lift  (Fig.  5).  At  high  forward  speeds,  the  power  savings  and  lift  gains  will 
Increase  the  margin  between  level-flight  power  and  maximum  available  power,  with  beneficial  effects  during 
sustained  maneuvers.  Fig.  6  reproduced  from  Ref.  13  shows  the  azimuthal  distribution  of  blade  angle-of- 
attack  at  80Z  radius.  In  this  extreme  case,  deep  stall  can  be  avoided  by  the  use  of  active  control  tech¬ 
niques  and  provide  a  much  wider  power  margin.  The  limits  due  to  stall  boundaries  can  thus  be  pushed  back 
with  appreciably  improved  maneuverability.  In  particular,  the  stall-losses  region  (Fig.  7)  shows  the  point 
at  which  the  effects  of  retreating  blade  stall  become  significant.  Flight  behavior  In  this  region  Is 
characterized  by  a  sudden  increase  in  required  power  and,  in  the  case  of  certain  types  of  rotor,  high 
blade  loading,  stall,  flutter  and  controllability  problems.  It  also  indicates  the  maximum  design  point  for 
sustained  maneuvers  because  of  the  excessive  installed  power  requirements  at  high  C,  (Ref.  13).  This  stall 
region  can  be  moved  towards  the  ultimate  boundary,  the  aerodynamic  C,  limit  defined  oy  the  maximum  of 
the  airfoil,  thus  widening  Che  excess  power  margin  and  eliminating  the  danger  of  stall  flutter. 

As  shown  in  Fig.  1,  stall  elimination  Is  achieved  by  one  of  several  feedback  characteristics 
capable  of  significantly  Improving  the  dynamic  performance  of  helicopters.  Of  these  different  feedback 
characteristics,  however,  SBF  will  probably  have  the  greatest  Impact  on  handling  qualities  by  the  sub¬ 
stantial  increase  In  the  available  power  margin. 

We  shall  now  examine  the  extent  to  which  the  Introduction  of  active  control  can  affect  handling- 
quality  criteria. 

5.  -  THE  IMPACT  OF  ACTIVE  CONTROL  ON  HANDLING-QUALITY  CRITERIA 

It  would  appear  that  the  introduction  of  active  control  does  not  require  basic  modification  of 
already  existing  criteria  or  of  analytical  approaches  used  for  establishing  flying-quality  criteria.  Thera 
Is  hope,  however,  that  Kalman's  optimal  control  theory  might  rationalize  the  analysis  to  a  graater  extant 
and  render  the  results  mors  objective. 

The  optimization  technique  involves  a  cost  function  that  provides  the  basis  of  our  judgement.  Tha 
weighting  matrices  constitute  the  arbitrary,  the  subjective  part  of  constraints,  the  result  of  previous 
experience.  Once  these  matrices  have  been  defined,  we  possess  an  instantaneous  qualification  parameter 
that  simultaneously  defines  the  aircraft,  the  control  system  and  the  pilot.  In  this  case,  the  criteria 
reduce  to  a  single  analytical  criterion,  a  weighted  result  of  all  available  criteria  In  a  quantitative 
fora.  Performance,  however,  la  not  the  only  factor  qualifying  an  aircraft.  We  must  also  consider  the  pilot 
workload  required  to  achieve  a  given  level  of  performance.  So  we  are  driven  back  to  pilot  quotation 
procedure  or  to  establishing  a  human  pilot  model  that  Includes  fatigue  effects  and  degradation  of  the 
pilot's  dynamic  performance  with  time  and  In  the  face  of  difficulty.  Although  no  cosqplets  solution  to  tha 
problem  of  establishing  handling-quality  criteria  can  be  expected  from  the  application  of  actlva  control. 
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improved  understanding  of  the  basic  phenomena  as  well  as  of  the  analytical  treatment  of  complex  human- 
operator  problems  is  foreseeable  in  the  next  decade. 

6.  -  CONCLUDING  REMARKS 

It  may  be  stated  in  conclusion  that  present-day  helicopter  limitations  resulting  from  the  mono- 
cyclic  swashplate  must  be  overcome  in  the  future  by  unconventional  systems  oriented  towards  multiloop 
self-adaptive  controls  leading  in  turn  to  the  higher-order  optimization  of  handling  qualities.  At  the  same 
time,  the  introduction  of  active  control  will  contribute  to  better  understanding  and  more  accurate 
definitions  of  criteria  ascribing  pilot  tasks  and  workload.  Our  present  research  has  a  wide  range  of 
applications  but  will  require  considerable  development  effort  to  become  operational. 
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SUMMARY 


To  minimize  the  threat  from  air  and  ground  based  weapon  systems,  combat  helicopter 
operations  require  the  use  of  concealed  low  level  flight.  The  paper  discusses  the 
tasks  facing  the  combat  helicopter  pilot  during  a  typical  anti- armour  mission  and 
concludes  that,  by  reducing  the  flying  workload,  assisting  in  the  exploitation  of 
maximum  aircraft  performance,  and  enhancing  control  accuracy,  better  handling  qualities 
can  contribute  to  improved  operational  effectiveness.  Primary  consideration  is  given 
to  daylight  operations  in  VMC,  but  the  requirements  for  missions  at  night  and  in  adverse 
weather,  and  for  training  are  also  addressed,  together  with  the  implications  for 
handling  qualities  posed  by  the  threat  of  armed  helicopters  in  the  air  to  air  role. 

1.  INTRODUCTION 

The  British  Army  Air  Corps'  current  battlefield  helicopters,  the  Lynx  AH  MK  1  and 
Gazelle  AH  MK  1,  entered  service  in  the  1970's  to  fulfil  a  variety  of  roles.  Changing 
priorities  have  resulted  in  the  Lynx  becoming  primarily  an  anti-armour  helicopter, 
fitted  with  a  roof  mounted  sight  and  the  TOW  missile  system;  the  Gazelle  is  soon  to  be 
fitted  with  an  observation  sight  to  enable  it  to  perform  its  target  acquisition  task 
as  part  of  the  anti  armour  team. 

The  change  of  Lynx  to  the  anti  armour  role,  with  its  emphasis  on  very  low  level 
flight  and  sustained  hovering  has  caused  a  review  of  a  number  of  aspects,  including 
handling  qualities  upon  which  this  paper  is  based.  The  views  stated  are,  however,  solely 
those  of  the  author. 

Continuing  development  in  the  variety,  numbers,  and  sophistication  of  weapon 
systems  to  counter  the  successful  employment  of  helicopters  on  the  European  battlefield 
indicates  that  low  level  flight  at  and  below  obstacle  height,  to  aid  concealment, 
achieving  surprise  and  reducing  vulnerability,  is  likely  to  remain  the  primary  combat 
helicopter  tactic.  Payload  restrictions  will  limit  the  amount  of  hardening  which  can 
be  given  to  the  helicopter;  to  survive,  the  helicopter  will  need  to  avoid  being  hit 
rather  than  be  capable  of  tolerating  considerable  damage.  Although  improved  stand  off 
capability,  countermeasures,  and  warning  systems  will  reduce  vulnerability,  it  is 
agility  derived  from  the  inter-related  performance  and  handling  qualities  which  gives 
the  combat  helicopter  its  inherent  battleworthiness. 

The  combat  helicopter  will  continue  to  have  competition  for  funding  from  other 
land  and  air  systems;  improvements  to  handling  qualities  must  therefore  be  realistic, 
and  affordable.  Although  Active  Control  Technology  holds  considerable  promise,  it  may 
be  necessary  to  accept  a  degree  of  pilot  compensation.  Similarly,  achieving  the  right 
balance  between  integrity,  cost,  and  complexity  may  result  in  reversionary  inodes  with 
added  pilot  workload. 

2.  THE  COMBAT  MISSION 

Depending  finally  upon  the  distances  involved,  an  anti-armour  helicopter  mission 
could  last  for  between  1  and  3  hours.  For  the  purpose  of  considering  handling 
qualities,  this  may  be  grouped  into  three  main  phases,  each  of  similar  duration; 
fast  low  level  flight,  slower  nap-of-the-earth  (NOE)  flight,  and  the  sustained  hover 
in  the  fire  or  observation  position.  There  are  also  periods  of  ground  running,  at 
the  start  point  and  possibly  at  a  final  briefing  point  short  of  the  fire  or  observation 
position.  Although  the  reconnaissance  helicopter  could  be  expected  to  spend  longer  in 
the  hover,  the  major  difference  from  the  handling  qualities  point  of  view  will  be  the 
increased  emphasis  on  the  need  for  pilot  workload  reduction  during  the  hover.  During 
all  the  phases  of  the  sortie,  the  emphasis  will  be  on  both  'head-up'  operation  of  the 
aircraft  and  the  correct  trade-off  between  tactical  reaction  time  and  concealment. 

3.  TAKE  OFF, LANDING,  AND  GROUND  MANOEUVRES 

Enhanced  ground  mobility  is  desirable  for  the  benefits  it  brings  to  survivability, 
through  easier  concealment,  as  well  as  ground  movement  during  in-barracks  training  and 
maintenance.  The  combat  helicopter  will  thus  probably  have  a  wheeled  undercarriage, 
although  it  is  doubtful  whether  wheels  of  an  acceptable  size  will  confer  more  than 
limited  mobility  other  than  on  reasonably  level  firm  ground. 


13-2 


The  combat  helicopter  must  be  stable  and  free  from  resonance  during  ground 
taxying,  take  off,  and  landing  on  all  likely  operational  surfaces,  including  slopes 
in  the  order  of  10°,  and  in  all  wind  directions.  The  rotor  must  be  able  to  be 
engaged  and  stopped  under  the  same  conditions ,  and  to  facilitate  the  use  of  maps  and 
documents,  as  well  as  the  completion  of  other  cockpit  activities,  hands-off  ground 
running  with  rotors  turning  should  be  possible. 

The  need  for  concealment  may  result  in  the  mission  starting  from  an  obstructed 
landing  site  such  as  woodland  or  built-up  areas  thus  defining  the  required  out-of¬ 
ground-effect  performance.  Maximum  operational  flexibility  will  require  full  fuel 
and  armament  loads,  resulting  in  initial  take-offs  at  maximum  all  up  weight.  When 
the  associated  loss  of  hover  capability,  speed,  and  agility  are  acceptable,  a  battle 
overload  may  be  used  to  temporarily  increase  payload.  Performance  considerations 
notwithstanding,  the  combat  helicopter  must  have  safe  predictable  handling  qualities 
during  take  off  and  landing.  The  directional  control  of  the  helicopter  must  permit 
take  off  and  landing  in  all  relative  wind  directions  so  that  the  flight  path  may 
conform  to  the  ground,  or  tactical  situation. 

4.  LOW  LEVEL  AND  CONTOUR  FLIGHT 

The  first  phase  of  the  move  forward  to  the  contact  zone,  and  last  on  the  return, 
will  probably  be  flown  with  the  emphasis  on  speed  rather  than  on  absolute  concealment. 
Terrain  will  dictate  the  actual  mode  of  flight  which  will  probably  involve  a  mixture 
of  low  level  flight,  at  sensibly  constant  speed  and  a  steady  height  clear  of 
obstacles,  and  contour  flight  again  at  nominally  constant  speed  but  with  height 
varying  to  follow  the  major  terrain  features.  The  crew  will  still  be  settling  into 
the  sortie,  and  a  hands-off  cruise  capability,  involving  height  and  heading  holds, 
would  permit  maximum  attention  to  be  given  to  continued  planning  and  preparation, 
as  well  as  look-out. 

When  the  tactical  situation  requires  a  minimum  reaction  time,  the  maximum  dash 
capability  of  the  helicopter  will  be  used,  care  being  taken  not  to  prejudice  the 
mission  through  loss  of  concealment. 

High  ground  speeds  over  undulating  and  broken  terrain  will  require  the  use  of 
low  'g'  and  occasional  negative  'g'  to  allow  the  pilot  to  follow  contours  whilst 
minimizing  exposure.  Flight  trials  with  the  Lynx  have  shown  that  negative  'g' 
values  of  -  0.S  can  be  held  for  several  seconds  during  push-over  manoeuvres,  with 
transient  values  in  the  order  of  -  1.0  'g'  being  reached.  Negative  'g'  flight  was 
found  to  be  of  benefit  to  terrain  following  at  air  speeds  as  low  as  60  knots,  and 
the  combat  helicopter  must  have  handling  qualities  which  permit  the  safe  and  easy 
use  of  this  flight  regime. 

Despite  thorough  pre-flight  preparation  to  supplement  knowledge  of  the  ground, 
and  careful  look-out  by  the  crew,  unexpected  obstacles  such  as  unmarked  wires  will 
require  the  crew  to  take  rapid  avoiding  action,  often  involving  the  use  of  high 
load  factors.  Such  accelerations  frequently  cause  the  rotor  to  accelerate  into  an 
autorotative  condition,  requiring  pilot  intervention  to  prevent  an  overspeed.  In 
addition,  at  low  level,  flight  path  control  becomes  very  demanding  at  large  bank 
angles  where  the  control  of  height  excursions  requires  considerable  pilo'J  activity. 

These  are  obviously  undesirable  characteristics,  and  a  means  of  controlling  rotor 
speed  transients  and  minimizing  height  excursions  would  confer  more  relaxed  handling 
qualities,  and  perhaps  facilitate  the  use  of  enhanced  manoeuvrability. 

Ideally,  the  pilot  should  not  encounter  an  aircraft  limit  during  normal 
manoeuvres.  Combined  with  good  engine  response,  and  an  absence  of  rotor  speed 
control  problems,  this  would  result  in  a  carefree  manoeuvre  capability,  freeing 
pilot  attention  for  operational  tasks.  Where  the  intrusion  of  a  manoeuvre  limit 
in  unavoidable,  the  required  attention  to  cockpit  instruments  should  be  minimized, 
implying  the  use  of  audio  warnings  or  helmet  mounted  displays.  Flight  control 
systems,  including  suitable  control  force  characteristics,  and  possibly  using  active 
control  technology,  should  be  able  to  assist  with  the  exploitation  of  the  full  flight 
envelope.  However,  unlike  the  use  of  envelope  limiting  control  systems  for  upper  air 
work  in  high  performance  fixed  wing  aircraft,  the  combat  helicopter  pilot  needs  to  be 
able  to  exceed  an  envelope  limitation  to  save  the  aircraft  rather  than  fly  into  an 
obstacle  within  the  limit.  The  problem  should  be  avoidable  if  the  combat  helicopter 
is  capable  of  manoeuvring  at  3  to  4  'g*  without  reaching  a  limitation;  this  may 
require  the  use  of  lift  compounding. 

5.  NOE  FLIGHT 

The  next  phase  of  the  mission  may  be  considered  to  apply  when  the  consequences 
of  exposure  become  more  critical,  and  the  need  for  concealment  is  paramount.  Although 
speed  is  sacrificed,  tactical  reaction  time  is  still  of  consequence  and  speeds  must  be 
as  high  as  possible  consistent  with  the  successful  completion  of  the  mission.  Some  time 
will  be  spent  in  the  hover,  whilst  the  ground  ahead  is  scrutinized,  and  there  will  also 
be  occasions  when  a  maximum  performance  dash  is  required  to  reduce  exposure  time  across 
an  open  area.  To  take  maximum  advantage  of  cover,  flight  will  be  at  very  low  level, 
often  only  a  few  feet  above  the  surface,  and  close  to  obstacles.  The  need  to  maintain 
a  lookout  for  air  and  ground  activity,  to  keep  contact  with  other  helicopters  on  the 
mission,  to  maintain  safe  rotor  clearance,  to  navigate  accurately  and  maintain 


communications  places  the  maximum  strain  on  the  crew. 


Although  hover-taxy  speeds  have  almost  become  traditional  for  NOE  flight,  a  number 
of  operational  benefits  accrue  from  the  use  of  higher  speeds  around  minimum  power  speed 
power  management  becomes  easier,  fuel  consumption  is  reduced,  agility  is  increased 
through  greater  kinetic  energy  and  power/thrust  margins,  and  concealment  may  be  easier 
through  reduced  downwash  disturbance  of  dust  etc.  Handling  qualities  which  would 
permit  the  confident  use  of  these  higher  speeds  would  enable  these  benefits  to  be 
exploited . 

Low  'g'  and  negative  'g'  flight  may  be  encountered  during  the  NOE  phase  as  a 
result  of  cyclic  push  overs  and  rapid  lowering  of  the  collective  lever.  However,  the 
duration  of  these  manoeuvres  should  be  shorter  than  during  low  level  and  contour 
flight  because  of  the  lower  speeds  normally  being  used. 

If  the  maximum  advantage  is  to  be  taken  of  full  aircraft  performance,  NOE  flight 
will  be  characterized  by  frequent  accelerations  and  decelerations  throughout  the  speed 
range  of  hover  to  maximum  dash.  In  addition  to  large  power  and  thrust  margins  the 
conventional  single  main  and  tail  rotor  configuration  requires  rapid  rotor  tilting  with 
associated  large  pitch  attitude  changes  in  order  to  allow  the  rapid  application  of 
rotor  thrust  without  height  gain.  Unfortunately,  these  attitude  changes  can  bring 
forward  view  restrictions,  increase  aircraft  exposure,  and  may  undesirably  reduce  rotor 
tip  clearance.  Thrust  compounding  with  a  variable  pitch  propeller  may  offer  benefits, 
permitting  a  more  rapid  acceleration  for  a  given  pitch  attitude. 

Deceleration  capability  is  probably  more  significant  as  it  represents  important 
avoidance  manoeuvres  -  the  traditional  "quick-stop",  and  decelerating  turn.  The  need 
for  rapid  deceleration  could  of  course  be  minimized  if  NOE  speeds  were  kept  very  low, 
but  the  disadvantages  of  such  a  course  outweigh  the  benefits.  The  operational  require¬ 
ment  is  for  the  helicopter  to  be  stopped  in  the  minimum  possible  distance  without  loss 
of  concealment.  The  single  main  and  tail  rotor  configuration  again  requires  large 
pitch  attitude  changes  to  effect  a  rearward  tilt  of  the  thrust  vector,  bringing  with  it 
tail  clearance  problems,  potentially  increased  exposure,  and  possible  restrictions  to 
forvard  view,  this  time  in  addition  to  the  rotor  speed  control  problem  discussed 
earlier.  Thrust  compounding  presents  a  possible  solution,  using  a  variable  pitch 
propeller  in  a  braking  state;  this  would  assist  with  the  dissipation  of  main  rotor 
energy,  resulting  in  a  better  control  of  rotor  speed,  and  permit  higher  rates  of 
deceleration  at  reduced  tail  down  attitudes. 

The  need  to  follow  the  ground  track  which  provides  optimum  concealment  implies 
changes  of  direction,  as  well  as  height  and  speed.  The  demands  on  aircraft  per¬ 
formance  and  pilot  workload  in  turning  flight  can  be  reduced  by  flying  at  lower 
speeds,  but  this  incurs  a  number  of  operational  disadvantages,  already  discussed. 

RAE,  UK,  piloted  simulation  studies(l)  found  that  all  axes  of  response  were  important 
in  turning  manoeuvres  during  NOE  flight;  pitch  and  roll  for  primary  manoeuvrability 
and  yaw  to  maintain  balanced  turns  and  counter  reaction  from  torque  fluctuations . 

At  100  kts ,  roll  rates  of  up  to  100°/s  were  found  to  be  likely  whilst  at  60  kts  on 
a  small  triple  bend  task,  very  high  roll  rates  up  to  150°/s  were  called  for;  maximum 
pitch  rates  demanded  were  typically  20-30°/s.  The  maximum  bank  angle  will  normally 
be  approximately  70°,  but  more  may  be  of  benefit  to  terrain  following  and  concealment. 
Unobstructed  fields  of  view  from  the  cockpit  and  precise  control  are  required  to  give 
the  pilot  confidence  in  using  full  aircraft  performance  ir  this  demanding  flight 
regime.  Rotor  speed  control  and  the  intrusion  of  flight  envelope  limits  will  have  an 
influence  similar  to  those  discussed  earlier  under  low  level  and  contour  flight. 

6.  THE  SUSTAINED  HOVER 

The  requirement  for  concealment  results  in  the  combat  helicopter  tasks  of  sur¬ 
veillance,  target  acquisition,  designation,  and  engagement  being  made  from  a  concealed 
hover.  The  need  to  achieve  adequate  fields  of  view  and  fire,  to  aid  concealment  by 
minimizing  the  rotor  downwash  effects  on  dust,  snow,  and  leaves,  and  to  enable  rapid 
re-masking  below  the  cover  in  front  by  descending  vertically,  ail  favour  the  use  of 
an  out  of  ground  effect  (OGE)  hover. 

It  must  be  possible  to  establish  and  maintain  a  stationary  hover  regardless  of 
wind  direction  and  make  rapid  and  precise  changes  of  heading  for  target  acquisition 
and  weapon  aiming.  The  most  demanding  conditions  for  directional  control  may  not 
occur  with  the  maximum  wind  strengths,  and  'holes'  in  the  yaw  control  envelope  must 
be  guarded  against. 

The  pilot  will  endeavour  to  expose  only  the  minimum  amount  of  the  helicopter 
above  cover  and  precise  height  control,  to  within  -  1  ft  (300  mm)  will  be  required, 
especially  to  gain  the  maximum  benefits  from  mast  mounted  sights.  It  must  be  possible 
to  acquire  rapidly  and  maintain  the  pre- launch  constraints  of  any  required  weapon 
system.  To  facilitate  the  stabilization  of  target  acquisition  and  weapon  aiming 
systems,  vibration  levels  must  be  minimized.  Weapon  system  developments  such  as 
reduced  time  of  flight  will  emphasis  the  need  for  rapid  and  precise  unmasking  and 
re-masking  in  order  to  minimize  overall  exposure  time. 

Evasive  manoeuvring  at  the  hover  will  require  the  ability  to  move  the  helicopter 
rapidly  sideways,  as  well  as  vertically.  A  5%  thrust  margin  is  usually  deemed 


sufficient  to  hold  height  and  position,  but  a  further  margin  will  be  required  for 
agility  together  with  control  and  response  margins . 

The  demands  placed  on  the  pilot  in  the  sustained  hover  are  high,  and  an  automated 
hover  control  system  should  bring  a  significant  reduction  in  workload,  and  improvement 
in  accuracy,  as  well  as  benefits  to  survivability. 

7.  THE  ARMED  HELICOPTER  IN  THE  AIR  TO  AIR  ROLE 

Attack  by  high  performance  fighter  type  aircraft  has  long  been  considered  and  as 
the  primary  countermeasure  evasive  tactics  developed  and  practised.  However,  the 
appearance  of  the  Warsaw  Pact  Hind  helicopter  with  an  anti- helicopter  capability  has 
brought  a  new  dimension  to  the  battlefield;  there  will  be  successors  to  the  Hind, 
perhaps  further  specialized  for  the  anti-helicopter  mission. 

The  security  conferred  by  the  use  of  a  concealed  hover  at  maximum  stand-off  is 
obviously  reduced  by  the  ability  of  the  armed  Hind  to  close  the  gap  quickly.  It  is 
not  all  one-sided  however,  as  in  closing,  the  Hind  will  increase  its  exposure  to  our 
air  defence  weapons.  Because  of  this,  it  is  likely  that  it  will  operate  at  low  level 
with  a  consequent  restriction  in  its  visual  horizon  and  in  its  ability  to  detect  its 
opponent  in  the  concealed  hover.  The  Hind  appears  to  enjoy  a  speed  advantage  over 
current  NATO  helicopters  which  it  seems  likely  to  retain  unless  a  new  generation  is 
produced  capable  of  significantly  higher  speeds  than  at  present.  We  are  thus 
currently  unable  to  outrun,  or  pursue,  and  in  the  absence  of  an  effective  anti- 
helicopter  weapon,  our  defence  must  lie  in  remaining  undetected  whilst  observing  the 
attacker,  ideally  continuing  with  our  mission. 

However,  if  discovered  and  attacked  by  armed  helicopters,  an  unarmed  helicopter 
must  change  position  to  avoid  being  a  'sitting  target',  and  continue  to  avoid 
presenting  a  valid  target  as  it  moves  and  hides  again.  Such  a  defence  requires 
maximum  agility  in  the  hover,  at  low  spe-d,  and  in  a  maximum  performance  dash.  The 
emphasis  is  once  again  on  remaining  down  amongst  the  obstacles  which  the  unarmed 
helicopter  would  hope  to  interpose  between  itself  and  the  threat,  with  the  requirement 
for  wide  unobstructed  fields  of  view  from  the  cockpit.  But,  given  the  capability  of 
countering  armed  helicopter  attack  with  an  effective  weapon,  there  is  a  requirement 
for  target  acquisition  and  weapon  aiming  implying  precise  control  of  attitude  and 
heading.  When  the  need  for  ultra  low  flight  is  disregarded  in  favour  of  unrestricted 
manoeuvring  during  helicopter  versus  helicopter  engagements,  the  ability  to  use  both 
high  positive,  and  negative  load  factors  would  be  of  benefit  to  both  evasion  and 
tracking. 

8.  NIGHT  AND  ADVERSE  WEATHER 

The  reduction  in  external  visual  cues  during  flight  at  night  and  in  adverse 
weather  places  added  demands  on  the  combat  helicopter  crew  who  become  more  reliant 
on  aircraft  systems  for  safe  and  successful  operation.  The  need  to  remain  at  low 
level  below  the  radar  horizon  requires  sufficient  external  reference  to  fly  safely 
clear  of  obstacles  and  pilot  night  vision  aids  will  be  needed.  The  relatively  narrow 
instantaneous  field  of  view  of  both  passive  night  goggles  (PNG)  and  turreted  Forward 
Looking  Infra  Red  (FLIR)  systems  requires  continuous  head  motion  by  the  pilot.  Safe 
PNG  flight  without  stabilization  equipment  has  been  demonstrated  in  a  number  of  aircraft, 
but  comparative  experience  with  the  Lynx,  fitted  with  an  automatic  flight  control 
system,  has  shown  worthwhile  improvements  in  pilot  confidence,  rate  of  learning,  and 
control  accuracy.  The  influence  of  cockpit  fields  of  view  on  the  confidence  and 
ability  of  the  pilot  to  exploit  performance  and  handling  qualities  has  been  emphasised 
throughout  the  paper,  and  it  is  unlikely  that  the  combat  helicopter  pilot  will  ever  be 
able  to  exploit  the  full  daytime  potential  of  his  aircraft  whilst  flying  tactically  at 
night;  the  combat  helicopter  with  improved  handling  qualities  appropriate  to  enhanced 
daytime  operation  is  likely  to  be  capable  of  more  than  matching  the  pilots  night 
flying  demands.  The  need  to  maintain  a  sustained  precise  hover  close  to  obstacles  at 
night  is  a  different  matter,  and  the  provision  of  an  effective  automatic  hover  control 
is  likely  to  be  essential. 

9.  THE  TRAINING  REQUIREMENT 

Defence  budgets  are  likely  to  remain  under  pressure,  and  the  costs  of  operation, 
as  well  as  the  purchase,  of  combat  helicopters  are  of  considerable  importance.  Safe 
and  easy  handling  characteristics  should  lead  to  shorter  training  courses,  and  then 
enable  a  suitable  level  of  skills  to  be  maintained  with  reduced  continuation  training, 
as  well  as  keeping  down  the  rate  of  training  accidents.  The  need  to  conserve  airframe 
fatigue  life  may  result  in  flying  training  being  conducted  within  a  reduced  flight 
envelope,  with  full  performance  being  kept  for  operations.  The  pilot  would  need  to  be 
able  to  transition  swiftly  to  the  full  capabilities  of  his  helicopter  without  an 
increase  in  the  risk  of  accidents  or  damage,  and  good  handling  qualities  extending  to 
the  limits  of  the  flight  envelope  would  make  a  significant  contribution. 

10.  CONCLUDING  REMARKS 

Concealed  low  level  flight  is  likely  to  remain  the  basis  for  combat  helicopter 
tactics . 
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Current  combat  helicopters  are  not  necessarily  optimized  for  low  level,  NOE,  and 
hovering  flight  on  the  European  battlefield. 

Improved  handling  qualities  can  make  a  significant  contribution  to  overall  combat 
effectiveness . 

"Carefree"  handling  qualities  are  required  to  permit  the  safe  and  confident 
exploitation  of  full  aircraft  performance  close  to  the  ground  and  obstacles,  including 
flight  at  high  positive,  and  negative  load  factors.  Positive  cues  which  draw  the 
pilot's  attention  to  the  approaching  encroachment  of  a  flight  limitation  are  required 
to  reduce  the  extra  workload  and  stress  induced  by  the  requirement  to  monitor  aircraft 
instruments  during  precise  and  agile  flying  tasks  eg  rotor  speed  transients  during 
maximum  manoeuvres . 

Handling  qualities  in  need  of  improvement  include  flight  path  control  at  low 
workload,  particularly  with  respect  to  height,  during  turning  manoeuvres  at  medium 
to  high  speed,  control  of  attitude  during  rapid  deceleration,  and  those  relating  to 
directional  control  at  low  speed  and  in  the  hover.  Automated  hover  control  is  likely 
to  be  essential. 

The  advent  of  the  armed  helicopter  in  the  air  to  air  role  emphasises  the  need 
for  increased  agility  for  evasive  manoeuvring  while  retaining  the  need  fcr  good 
target  tracking  capabilities  at  all  speeds. 

Safe  and  easy  handling  characteristics  which  are  implicit  in  the  reduced  workload 
and  enhanced  flight  envelope  should  permit  a  reduction  in  training  costs. 
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SUMMARY 


Several  (light  experiments  have  been  conducted  using  the  NAE  Airborne  Flight  Simulator  to  investigate  the  suitability  of 
integrated,  multi-axis,  isometric  controllers  for  use  in  helicopters.  In  these  experiments,  3-axis  and  4-axis  isometric  side-arm  control 
configurations  were  flown  successfully  through  a  wide  variety  of  demanding  visual  flight  tasks  and  a  brief  instrument  flight  precision 
approach  evaluation.  The  experimental  tasks,  the  evaluated  controller  arrangements  and  the  developed  control  laws  are  described,  and 
the  results  of  comparative  assessments  between  isometric  side-arm  control  and  conventional  control  arrangements  are  presented. 


INTRODUCTION 


It  is  inevitable  that  the  micro-electronics  revolution  should  radically  alter  the  interface  between  the  pilot  and  his  aircraft.  The 
invasion  of  the  cockpit  is,  of  course,  well  underway  and  the  designer  is  constantly  facing  a  decision  —  whether  to  welcome  the  new 
technologies  as  liberating  forces  or  to  make  a  stand  in  defence  of  the  proven  ways.  The  glass  cockpit  is  gaining  wide  acceptance;  the 
digital  processor  is  supplanting  analog  computing  methods  in  many  areas  of  system  design  and  is  being  applied  in  new  ways  to  relieve 
the  pilot  of  tedious  tasks;  and  the  glass-fibre  optical  transmission  line  is  making  its  bid  to  replace  both  electrical  and  mechanical  sig¬ 
nalling  media. 


Along  with  these  changes  come  a  host  of  “modem"  systems  which  are  viable  only  within  the  context  of  a  digital,  fly-by-wire 
or  fly -by-optics  aircraft;  it  is  one  of  these  systems  —  the  integrated,  multi-axis  side-arm  controller  —  which  is  the  subject  of  the  research 
programs  described  in  this  paper. 


In  the  Fall  of  1979  the  Flight  Research  Laboratory  undertook  a  series  of  experimental  evaluations  of  multi-axis,  isometric 
side-arm  controllers  in  the  Laboratory's  Airborne  Flight  Simulator.  These  early  evaluations  were  partially  funded  by  the  Sikorsky 
Helicopter  division  of  the  United  Technologies  Corporation  and  grew  out  of  Sikorsky’s  research  studies  in  preparation  for  the  US  Army 
ADVANCED  DIGITAL  OPTICAL  CONTROL  SYSTEM  program.  Although  it  was  the  objective  of  the  initial  study  to  assess  these  radi¬ 
cally  new  controller  arrangements  in  conjunction  with  the  dynamic  and  control  characteristics  of  the  Black  Hawk  (UH-60)  helicopter, 
an  early  decision  was  made  to  use  the  Bell  205A  as  the  basis  for  the  evaluations.  This  choice  had  the  advantage  of  eliminating  many 
potentially  artificial,  simulation-related  aspects  of  the  experiments  since  the  Airborne  Simulator  is  a  variable  stability  and  control 
Bell  205.  The  “Huey-like”  characteristics  of  the  Simulator  provided  a  relatively  simple  and  well-known  baseline  against  which  the 
unconventional  systems  could  be  judged. 


These  first  assessments  were  simple  proof-of-concept  experiments  designed  around  pilot  evaluations  of  loosely  defined  night- 
test  and  operational  task  sequences.  In  the  intervening  months  the  Flight  Research  Laboratory  has  continued  to  study  the  influence  of 
multi-axis  side-arm  control  on  operational  effectiveness  and  handling  qualities,  performing  direct  comparisons  between  conventional 
and  multi-axis  systems  in  controlled,  hitfi-workload  flight  task  sequences. The  sample  of  pilots  who  have  flown  the  experimental  control 
systems  has  grown  and  a  relatively  extensive  base  of  flight  experience  has  been  established  with  3-axis  and  4-axis  integrated,  isometric 
control  systems. 


From  the  designer's  point  of  view  the  appeal  of  isometric  or  pressure  controllers  is  evident:  they  are  mechanically  simple, 
light-weight,  rugged  and  compact  systems  which  can  readily  be  incorporated  in  a  side-arm  fly-by-wire  design.  On  the  other  hand,  the 
effects  of  eliminating  the  direct  control  position  feedback  information  —  which  the  pilot  would  normally  obtain  from  conventional 
deflection  controllers  —  are  potentially  far  reaching  and  fundamental.  The  conventional  helicopter  control  configuration  is  an  integral 
part  of  the  pattern  of  control  learned  by  every  helicopter  pilot  and  consequently  has  the  status  of  an  international  standard.  Any 
benefits  gained  in  a  substantial  deviation  from  this  arrangement  must  be  weighed  against  the  costs  of  retraining  the  pilot's  spontaneous 
control  command  patterns,  particularly  in  high  workload  and  emergency  situations.  These  trade-offs  were  at  the  heart  of  the  flight 
experiments. 


In  the  sections  which  follow  the  controllers  and  control  systems  are  described  and  the  results  of  two  structured  experimental 
sessions  are  presented  and  discussed. 


THE  EVALUATED  SYSTEMS 
Hardware 


The  test  aircraft  is  the  NAE  Airborne  Flight  Simulator  (Fig.  1  and  Ref.  1),  an  extensively  modified  Bell  Model  205A-I 
teetering-rotor  helicopter  with  a  full  authority  fly-by-wire  control  system  at  the  evaluation  pilot’s  station.  The  simulator  has  been 
equipped  with  a  wide  range  of  motion  sensing  systems  which  provide  high-quality  feedback  signals  suitable  for  stability  and  control 
augmentation  and  autostabilization.  An  on-board  hybrid  computing  system  includes  a  multi-processor,  high-speed  digital  computer 
which  performs  agnal  conditioning,  control  system  implementation  and  simulation  “modelling”  —  the  essential  tasks  of  simulation. 


Two  isometric  controllers  and  supporting  side-arms  have  been  fitted  to  the  structure  of  a  standard  Bell  205  crew  seat.  During 
the  first  of  the  two  experiments  described  in  this  paper,  the  seat  was  configured  as  shown  in  Figure  2  using  off-the-shelf,  commercial 
controller  units  and  hand  grips.  For  later  experiments,  and  specifically  for  the  second  experiment  described  below,  an  adjustable  arm 
structure  was  developed  and  new  grips  which  more  nearly  conform  to  the  shape  of  the  cupped  left  or  right  hand  were  cast  (Figs.  3  and  4). 
The  force  sensing  and  transducing  functions  of  the  handles,  in  both  of  these  installed  configurations,  were  performed  by  four  piezo- 
resistive  strain  gauge  units  which  produce  electrical  outputs  for  four  independent  commands  —  fore  and  aft,  left  and  right,  up  and  down 
forces,  and  torque  about  the  vertical  axis  (Fig.  5).  The  nominal  value  of  command  to  electrical  output  sensitivity  for  each  of  these 
channels  is  riiown  below. 
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Command 

Sensitivity 

Maximum  Output 

Left/Right 

0.5  volt/lb 

10  volts  (linear) 

Fore/ Aft 

0.5  volt/lb 

10  volts  (linear) 

Up/Down 

0.25  volt/lb 

10  volts  (linear) 

Clockwise/Counter-clockwise 

0.167  volt/in.-lb 

10  volts  (linear) 

The  bandies  are  elastically  very  stiff  but  not  rigid  and  their  supporting  structures  increase  the  compliance  of  the  complete 
system  to  forces  and  moments  applied  at  the  hand  grip;  nevertheless  the  overall  deflections  are  small  and  do  not  provide  position 
feedback  to  the  pilot  in  the  form  of  discernable  force-deflection  relationships.  To  compensate  for  this  reduction  in  system  feedback 
information  a  control  actuator  position  indicator  was  added  to  the  experimental  system  late  in  the  evaluation  phase  of  the  first  experi¬ 
ment.  The  indicator  shown  in  Figure  6  mounted  above  the  instrument  panel  in  the  evaluation  pilot's  forward  field  of  view,  provided 
easily  interpreted  information  concerning  tip-path-plane  orientation  and  tail  rotor  collective  actuator  positions. 

Software 


The  command  and  logic  signals  from  each  handle  and  a  force-proportional  signal  from  the  evaluation  pilot’s  pedals  were 
sampled  and  sent  to  the  Simulator’s  master  digital  computer  where  channel  assignments,  mode  selection,  control  law  and  stability 
augmentation  calculations  were  performed.  (A  typical  control  channel  is  shown  schematically  in  Figure  7.)  Channel  assignments  for  the 
five  control  configurations  tested  in  the  first  experiment,  including  the  two  “primary  configurations’’  which  have  been  the  subject  of 
more  recent  investigations,  are  depicted  in  Figure  8. 

It  is  clearly  necessary  to  trim  the  isometric  control  systems,  just  as  it  is  necessary  to  trim  deflection  controllers  which  have 
force  feel  gradients.  System  demands  for  a  steady-state  control  input  must  be  met  by  adjustments  to  the  command  signal  datum  —  not 
by  a  continuous  force  applied  by  the  pilot.  In  a  sophisticated  fly-by-wire  flight  control  system  this  trimming  function  may  be  accom¬ 
plished  through  the  mechanism  of  high-gain  command  control  laws  which  are  inherently  self-trimming.  For  example,  a  form  of  rate 
command/attitude  hold  mode  in  roll,  pitch  and  yaw  with  acceleration  command  in  the  vertical  axis  would  obviate  the  need  for  manual 
trimming.  However,  the  experiments  conducted  at  the  Flight  Research  Laboratory  have  emphasized  simple,  low-gain  feedback  augmen¬ 
tation  and  control  for  which  trimming  is  necessary  and  the  chosen  approach  is  depicted  in  Figure  7.  An  integrating  path  is  added  in 
parallel  with  the  proportional  signal  from  the  pilot’s  input  command.  When  the  “integral-trim”  switch  is  closed  the  integrating  path 
produces  a  relatively  rapid  trim  follow-up  signal  in  response  to  any  non-zero  command.  The  evaluation  of  various  trimming  schemes 
and  the  development  of  this  integral  trim  system  are  discussed  in  some  detail  in  Reference  2. 

Finally,  the  control  law  software  incorporated  two  levels  of  stability  and  control  augmentation  or  autostabilization  in  addition 
to  a  “direct-drive”  mode.  These  were: 

a.  rate  command/attitude  hold  in  roll  and  pitch  with  augmented  yaw  rate  damping 

b.  augmented  roll,  pitch  and  yaw  rate  damping 

c.  direct-drive  (the  Bell  205A-1  with  stabilizer  bar  removed  and  horizontal  stabilizer  fixed) 


THE  FIRST  EXPERIMENT 

The  preliminary  series  of  flight  tests  comprised  a  development  test  phase  during  which  suitable  control  signal  shaping  and 
integral  trimming  gains  were  established,  followed  by  formal  evaluations  of  the  two  primary  control  configurations  —  the  3-axis  and 
4-axis  systems  depicted  in  Figure  8.  (Five  engineering  test  pilots  participated  in  these  flight  evaluations.)  The  system  designated 
“3-AXIS/TWIST  COLLECTIVE”  was  flown  by  several  pilots  and  thoroughly  evaluated  by  one,  and  the  other  channel  assignments 
shown  in  Figure  8  were  flown  only  briefly  to  assess  their  value  as  training  aids.  The  evaluation  tasks  were  chosen  from  a  set  of  loosely 
defined  flight  test  and  operationally  oriented  manoeuvres  including  take-off  and  landing,  hover  manoeuvring,  circuits,  nap-of-the- 
earth  flight,  precision  instrument  approaches  and  slope  operations. 

A  brief  summary  of  the  significant  observations  and  conclusions  from  these  first  flights  of  a  helicopter  using  integrated, 
multi-axis  side-arm  control  is  given  here  to  provide  a  context  for  presentation  of  the  more  recent  experiments.  Reference  2  provides 
more  detailed  results. 

In  general  it  was  found  that  pilots  adapted  with  surprising  ease  and  speed  to  the  use  of  multi-axis  Inmetric  control  —  each 
of  the  evaluators  flew  the  helicopter  confidently,  using  the  3-axis  or  4-axis  system,  after  a  very  brief  familiarization  flight.  (These 
comments  apply  for  the  augmented  and  autostab ilized  helicopter  control  modes.  Although  the  pilots  were  sble  to  perform  all  of  the 
manoeuvres  and  task  sequences  satisfactorily  in  the  “direct-drive”  mode,  using  either  of  the  primary  control  configurations,  the  work¬ 
load  was  undesirably  high  in  the  more  demanding  tasks.) 


Multi-Axis  Control 

The  experiment  showed  that  a  helicopter  can  be  flown  through  a  wide  range  of  visual  and  instrument  flight  tasks  using  either 
a  3-axis  or  4-axis  integrated  isometric  side-arm  controller  —  within  the  bounds  of  normal  helicopter  workload  demands. 


Control  Position  Feedback 

An  adequate  level  of  control  position  feed  back  may  be  provided  by  a  well-designed  control  poritic**  indicator  (CPI).  Using 
the  rudimentary  CPI  shown  in  Figure  6  the  pilots  were  able,  for  example,  to  perform  slope  landings  and  take-offs  —  manoeuvres  which 
require  knowledge  of  tip  path  plane  orientation.  For  visual  flitfit  manoeuvring  tasks  where  control  authority  remaining  or  absolute 
control  position  is  not  a  primary  concern,  the  force  feedback  alone  was  sufficient. 
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Left  or  Right  Hud  Control 

Although  left-hud  operation  wu  not  emphaeiied  in  the  teet  pi  Mining  several  of  the  pilot*  developed  the  «wi  to  the  point 
where  they  could  perform  all  of  the  experimental  tasks  adequately  wing  die  left-hud  coatroller. 

An  “ambidextrous”,  multi-axis  control  system  could  hare  a  fundamental  influence  on  cockpit  layout  since  it  would  allow  the 
pilot  to  perform  auxiliary  muual  tasks  with  either  hand  —  interacting  with  systems  on  either  aide  of  his  seat  portion 


The  Secondary  Configurations 

The  “3-AXIS/TWIST  COLLECTIVE”  configuration  could  be  mastered  and  was  flown  succemfully,  but  it  was  proas  to  appli¬ 
cations  of  collective  control  in  the  wrong  sense  and  was  considered  markedly  inferior  to  the  primary  3-axis  version  which  trandated 
vertical  forces  as  collective  commands. 

The  two-handed  configurations,  both  of  which  controlled  roll  and  pitch  with  the  right-hand,  heave  with  the  left-hand  and 
yaw  with  pedals,  were  not  systematically  evaluated  in  this  program.  Each  could  be  flown  with  ease. 


THE  SECOND  EXPERIMENT 

The  qualitative  nature  of  the  fust  series  of  tests  left  some  important  questions  unanswered:  whether,  for  example,  pilots  cm 
team  to  perform  very  demanding  manoeuvring  and  control  tasks  using  the  multi-axis  isometric  controllers  —  with  precision  and  »■-» 
comparable  to  their  performance  using  conventional  controls;  ud ,  whether  the  patterns  of  control  —  the  characteristics  of  the  command 
signals  which  the  pilot  uses  to  meet  specific  manoeuvring  or  stabilizing  control  requirements  —  differ  fundamentally  for  the  two  types 
of  control. 

To  gain  some  insight  into  these  questions,  a  second  flight  test  session  was  designed  around  a  structured  series  of  low-altitude 
manoeuvring  and  precision-control  tasks.  The  test  course  is  depicted  in  Figure  9  which  shows  the  nature  of  the  flight  segments  and  the 
layout  of  ground  markers  used  to  guide  the  pilot  from  task  to  task.  For  example,  on  the  accelerate-stop  leg  the  pilot  attempted  to  p~» 
through  the  “gate”  at  a  ground  speed  of  40  knots  and  to  stop  over  the  designated  point  at  the  end  of  the  run  —  miiwiMwini  *  uniform 
height  above  ground;  the  landing  was  to  include  a  smooth  approach  followed  by  a  touchdown  on  a  marker  and  on  a  preassigned  heeding; 
the  lateral  translation  was  to  follow  the  ground  track,  maintaining  constant  heading,  height  and  lateral  velocity. 

The  tasks  made  combinations  of  demands  which  required  co-ordinated  cyclic,  main  rotor  collective  and  tail  rotor  collective 
commands  —  in  some  instances  to  decouple  the  helicopter  motions  and  in  others  to  induce  the  co-ordinated,  multi-axis  manoeuvres. 

Each  subject  pilot  was  trained  to  a  high  level  of  proficiency  in  executing  the  course  with  conventional  controls  and  with  one 
of  the  primary  isometric  controller  configurations.  He  then  flew  the  course  eight  times  in  a  single  flight,  alternating  pairs  of  runs  first 
with  conventional  controls,  then  with  the  multi-axis  configuration.  On  a  second  and  similar  evaluation  flight,  eight  more  runs  were 
completed,  this  time  beginning  with  a  pair  of  runs  using  the  hand  controller.  Following  a  short  “deprogramming"  period  and  a  period 
of  retraining  with  the  other  of  the  two  primary  controller  configurations,  the  procedure  was  repeated  so  that  both  the  3-axis  and  4-axis 
isometric  configurations  were  compared  directly  with  conventional  stick,  collective  and  pedal  control. 

Four  pilots  completed  the  full  test  sequence,  two  engineering  test  pilots  who  had  participated  in  the  earlier  multi-axis  controller 
study  and  two  pilots  who  had  only  very  brief  exposure  to  isometric  control  prior  to  this  comparative  study. 

All  of  these  teat  flight*  were  conducted  using  the  rate-augmented  control  mode,  the  basic  simulator  with  augmented  rate 
damping  in  roll,  pitch  and  yaw.  The  3-axis  and  4-axis  isometric  configurations  employed  continuous  integral  trimming  in  all  control 
axes  with  control  sensitivities  and  integral  trim  rate*  individually  adjusted  but  generally  dose  to  the  values  established  in  the  earlier 
tests.  For  the  conventional  control  system  the  sensitivities  were  set  equal  to  the  Bell  205  values  and  control  forces  simulated  a  boosted 
control  system  without  artificial  gradients. 


RESULTS  OF  THE  SECOND  EXPERIMENT 

Four  distinct  types  of  data  and  information  were  collected  during  the  test  flights  and  following  the  completion  of  the  experi¬ 
ment.  Time  histories  of  control  forces,  control  displacements  where  appropriate,  and  of  aircraft  state  variables  were  recorded  on  the 
simulator's  data  acquisition  system.  Touchdown  accuracy  and  lateral  tracking  accuracy  were  measured  using  sighting  transits.  Each 
segment  of  each  run  was  described  qualitatively  in  brief  notes  compiled  by  a  ground  observer,  and  finally  the  pilots  were  asked  to 
complete  a  brief  questionnaire  which  addressed  the  relative  difficulty  experienced  and  precision  attained  with  the  systems  being  com¬ 
pared. 


The  time  histories  are  being  analyzed  to  determine  similarities  or  differences  in  patterns  of  control  and  precision  of  control 
between  runs  using  integrated  isometric  systems  and  those  using  conventional  displacement  control.  For  example,  the  heave  and  yaw 
command  signals  consistently  exhibit  significant  content  at  higher  frequencies  when  these  channels  are  controlled  with  the  force  handle. 
On  the  other  hand  the  ground  speed,  pitch  attitude  and  longitudinal  cyclic  control*  time  histories  for  the  accelerato/stop  segments 
show  no  appsrent  distinguishing  features  which  separste  multi-axis  isometric  from  conventional  control.  Although  the  pilot's  actions 
with  the  two  types  of  controllers  are  fundamentally  different,  the  demands  which  he  makes  on  the  cyclic  actuators  and  the  resulting 
manoeuvring  performance  are  similar. 


A  valid  control  demand  comparison  can  only  be  made  at  the  point  where  signals  are  being  sent  to  the  helicopter  control  actuators. 
The  originating  “commands"  are  fundamentally  different,  being  forces  in  the  one  case,  displacements  in  the  other. 
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Landing  precision  ia  illustrated  in  Figure  10  in  the  form  of  touchdown  dispersion  from  the  targat  point.  It  can  be  mew  that 
performance  with  the  conventional  control*  wa*  auperior  to  that  with  the  multi -axj*  systems  and  that  the  dlpnioa  pattern  for  the 
two  caae*  were  dietinctly  different.  Thia  reauh  ahould  be  anticipated  aimpty  on  the  bad*  of  the  higher  level  of  «»p— of  the  evalua¬ 
tion  pilot*  with  deflection  control  ayatema.  The  difficulty  doe*  appear  to  be  peculiar  to  control  in  the  laat  few  inch**  of  the  l««*f 
approach  however,  once  ateady  atation-keeping  over  a  ground  target,  at  akid  height*  of  a  tew  feet,  could  be  performed  very  precMy 
with  the  integrated  iaometric  controller*.  (Opiniona  differ  concerning  the  reaaon  for  the  forward  etarboard  drift  from  the  target  during 
the  aide-arm  controlled  touchdown*.  It  ahould  be  recalled  that  the  evaluation  pilot  occupiaa  the  right-hand  teat  of  the  simulator  and, 
a*  a  conaequence,  the  forward  etarboard  field  of  view  ia  essentially  unobetructed.) 

Although  the  objective  data  are  in  themaelvea  of  intereat,  the  primary  reaaon  tor  apedfytng  the  teaks  precMy,  and  tor 
meaauring  performance,  was  to  constrain  the  pilots  to  a  consistent  test  procedure  for  all  of  the  evaluated  system.  Subjective,  comparative 
assessment*  were  considered  to  be  the  most  important  output  of  the  experiment.  Thia  aubjective  information,  which  was  supplied  by 
the  evaluator*  in  response  to  a  brief  queationnaire,  provides  some  insight  into  the  process  of  adaptation  to  the  unconventional,  integrated 
control  system*.  For  each  segment  of  the  coune  the  pilots  were  asked  to  characterize  the  relative  difficulty  which  they  experienced  in 
performing  the  task  and  the  relative  precision  with  which  they  considered  they  accomplished  the  task,  comparing  the  two  control 
system*  used  on  the  preceding  flight.  A  consolidated  picture  of  these  opiniona  is  presented  in  Figure  11  wham  all  of  the  rasp  nans* 
relating  to  all  of  the  course  segments  have  been  collected.  There  is  no  rigorous  analytical  basis  for  this  linear  addition  of  the  individual 
responses  —  the  dividing  line  between  “more  difficult"  and  “much  more  difficult”  was  subjectively  and  individually  defined  —  nevertheless 
the  composite  picture  has  qualitative  significance.  Each  assessment  necessitated,  fust  and  foremost,  a  simple  dedrion  concerning  which 
of  two  recently  performed  tasks  was  easier  to  perform  and  which  was  performed  with  greater  precision.  These  figures  underline  the 
message  which  pervades  the  general  comment*  of  the  subject  pilots:  for  very  demanding  manoeuvring  control  tasks,  the  more  familiar 
conventional  control  system  is  marginally  superior  —  in  both  precision  and  ease  of  operation  —  to  the  integrated  iaometric  controller 
arrangements.  As  the  level  of  experience  with  force  control  increases  however,  the  differences  in  workload  and  performance  between 
conventional  and  isometric  control  diminishes.  In  these  direct  comparisons  with  conventional  controls  it  was  also  evident  that  the 
3-axis  isometric  controller  mode  was  considered  slightly  superior  to  the  fully  integrated  4-axis  mode,  although  the  difference  wu  judged 
to  be  small  and  perhaps  of  no  operational  significance. 


CONCLUDING  REMARKS 

Force  control  inputs  have  been  widely  used  in  airplane*  both  as  quickening  devices  for  deflection  control  systems  and  more 
recently  as  primary  control  signal*  in  advanced  digital  flight  control  systems.  Hie  experiments  described  herein  are  concerned  not  just 
with  the  transfer  of  these  control  methods  to  the  helicopter  environment  but  with  the  added  dimension  of  integrated,  multi-axis  control  — 
an  addition  which  renders  the  systems  different  in  kind  as  well  as  degree.  The  helicopter  flight  experiments  have  shown  that  muiti-axia 
iaometric  side-arm  control  systems  can  be  used  successfully  to  perform  a  wide  variety  of  demanding  flight  control  tasks. 

In  recent  weeks  a  new  multi-axis  force  controller,  similar  to  the  4-axis  system  described  above,  but  with  much  pester  com¬ 
pliance,  has  been  installed  in  the  side-arm  seat  and  flown  in  the  Airborne  Flight  Simulator.  The  deflections  of  this  handle  in  response 
to  applied  forces  and  moments  are  still  relatively  small  —  only  one  half  inch  of  displacement  at  the  mid-hand  position  for  a  20  lb  pitch 
or  roll  command,  for  example  —  but  the  resulting  force/deflection  characteristics  are  discernible  and  appear  to  provide  useful  feedback 
information  to  the  pilot.  This  system  will  now  be  evaluated  systematically  and  compared  with  the  isometric  controller  and  conventional 
deflection  control  systems. 

Finally,  it  should  be  emphasized  that  these  evaluations  have  focused  upon  relatively  simple  control  laws  with  low-pis  feedback 
stability  augmentation.  If  integrated,  multi-axis  ride-arm  controllers  are  adopted  for  an  operational  helicopter,  they  will  undoubtedly  be 
part  of  a  very  eophuticated  control  system  incorporating  electric  or  optical  rignal  transmission  and  digital  control -law  computation.  In 
such  a  control  environment,  task  and  mission  optimization  of  command  control  laws  is  not  only  passible  but  practical,  and  therefore  a 
full  assessment  of  the  controllers  riiould  include  thorough  investigations  of  these  advanced  control  laws  and  concepts.  Future  phaeas  of 
the  Flight  Research  Laboratory’s  program  will  address  control  law  optimization  and  the  implications  of  these  extraordinary  control 
systems  for  the  helicopter  certification  process. 
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FIG.  2:  SIDE-ARMS  AND  CONTROLLERS  INSTALLED 
(FIRST  EXPERIMENT) 


FIG.  3:  SIDE-ARM  SEAT  AND  CONTROLLERS 
ARRANGEMENT  FOR  SECOND  EXPERIMENT 


FIG.  4:  OLD  AND  NEW  HAND  GRIPS 


FIG.  8:  CONTROL  ACTUATOR  POSITION  INDICATOR 
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FIG.  8:  CONTROL  CHANNEL  ASSIGNMENTS  FOR  EVALUATED  MODES 
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FIG.  9:  MANOEUVRING  COURSE 


FIG.  10(b):  TOUCHDOWN  PRECISION  -  SIDE-ARM  CONTROLLERS 


1  )  PILOTS  A,  a  (FIRST  EVALUATION  Of  MOMETRK  CONTROLLER* 

jSiS&i  PILOTS  C,  O  (PARTICIPATED  IN  EARLIER  (VALUATIONS  OP  ISOMETRIC  CONTROLLER* 


FIG.  11(b):  SUSJECTIVI  COMPARISONS  OP  4-AXIS  ISOMETRIC  CONTROLLER 
WITH  CONVENTIONAL  CONTROLS 
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STABILITY  AND  CONTROL  FOR  HIGH  ANGLE  OF  ATTACK  MANEUVERING. 

by 
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SUMMARY 

On  a  delta  canard  configuration  an  optimum  division  of  control  devices  for  maximum  con¬ 
trol  power  at  high  angle  of  attack  (A.O.A.)  is  shown  and  a  special-trim  schedule  gives 
best  directional  and  lateral  stability  in  this  flight  regime. 

This  aircraft  configuration  was  used  for  an  air  to  air  combat  simulation.  The  control 
system  lay-out  at  high  incidence  included  thrust  vectoring  in  pitch  and  yaw  to  support 
the  aerodynamic  control  surfaces.  Simulation  results  in  terms  of  rates  and  accelerations 
in  pitch,  roll  and  yaw  axis  for  a  set  of  different  poststall  (PST)  maneuvers  are  shown 
to  prove  that  the  aircraft  is  controlable  and  that  active  tactical  maneuvers  can  be 
flown  in  this  flight  region. 


1 .  INTRODUCTION 

This  paper  is  concerned  with  the  possibilities  of  maneuvering  a  fighter  aircraft  at  and 
beyond  maximum  lift.  The  tactical  value  of  such  capability  in  Short  Range  (SR)  Air  Com¬ 
bat  has  been  the  subject  of  various  analytical  studies,  trajectory  optimizations,  compu¬ 
terized  and  manned  air  combat  simulations,  see  references  [1,  2].  It  was  found,  that  air 
combat  capability  can  be  improved  by  means  of  suitable  high  A.O.A.  maneuvers  to  a  degree 
which  is  unachieveable  by  a  limited  maneuvers  at  any  possible  level  of  energy  perfor¬ 
mance  beyond  that  of  contemporary  fighter  aircraft. 

There  is  a  significant  change  of  air  combat  characteristics  to  be  expected  from  the  use 
of  all  aspect  SR  weapons  (see  reference  [3])  in  terms  of  a  greater  importance  of  instan- 
teneous  lower  speed  maneuvers.  Frontal  engagements  will  prevail  and  thus  combat  success 
is  dependant  much  more  on  the  ability  to  achieve  an  earlier  firing  solution  even  at  the 
expence  of  energy.  Energy  will  often  be  sacrificed  for  positional  advantage.  PST-maneu- 
vers  -  if  properly  conducted  -  offer  a  turn  radius  advantage  over  the  conventional  oppo¬ 
nent,  which  may  lead  to  that  positional  advantage,  if: 

-  thrust  to  weight  ratio  is  higher  than  1 , 

-  sufficient  control  power  is  available  at  associated  low  speeds  and  A.O.A. s  up  to 
70°. 

Suitable  conducted  PST  maneuvers  are  characterized  by 

-  3  dim.  trajectories 

short  duration  (lower  than  7  seconds) 

-  high  pitch  rates  and  high  yaw  rates 

-  marginal  angles  of  sideslip  (theoretically  none) 

-  rapid  change  of  speed  and  flight  conditions. 

PST  maneuvers  do  not  constitute  a  special  mode  of  flight.  They  are  merely  an  extension 
of  well  known  instantaneous  low  speed  maneuvers.  They  can  easily  be  adopted  by  the  nor¬ 
mal  pilot,  who  however,  has  to  get  used  to  the  condition  of  rolling  around  the  velocity 
vector  in  order  to  avoid  excessive  angles  of  side  slip.  Note  that  in  most  tactical  situ¬ 
ations  PST-maneuvera  are  used  to  achieve  a  positional  advantage  and  the  fire  opportunity 
will  occur  after  the  return  into  the  normal  A.O.A.  regime.  Very  seldom  PST  capability  is 
being  used  for  weapon  pointing. 

The  paper  investigates  the  requirements  for  handling  and  controlling  a  particular  figh¬ 
ter  design  in  the  tactical  PST  flight  regime.  Results  are  based  on  wind  tunnel  tests  and 
simulations  of  typical  PST  maneuvers.  It  was  the  aim  to  develop  the  technical  means  to 
achieve  the  level  of  controlleability  which  was  found  to  be  tactically  necessary  in  the 
proceeding  tactical  air  combat  simulations. 

Fig.  1  shows  this  level.  So  we  had  an  aiming  goal  for  designing  the  aircraft  and  its 
controls.  It  was  soon  very  clear,  that  the  desired  angular  rate  onsets  in  high  A.O.A. 
regime  for  tactical  maneuvers  only  could  be  fulfilled  if  additionally  to  the  aerodynamic 
controls  a  speed  independent  momentum  control  system,  a  vectored  nozzle  for  pitch  and 
yaw  controls  was  used. 

The  aircraft  thereby  should  have  in  this  flight  regime  the  required  maneuverability  le¬ 
vel.  To  reach  these  goals,  stability  and  control  requirements  for  tactical  high  A.O.A. 
operation  have  to  be  established. 

Doing  the  flight  system  layout,  manned  simulator  studies  are  very  helpful.  The  handling 
qualities  and  maneuverability  performance  can  be  adapted  to  the  established  stability 


and  control  requirements  at  maneuver  relevant  control  inputs.  Then  with  a  'pilot  in  the 
loop'  simulation  on  a  fixed  base  cockpit  station,  the  system  can  be  rated  and  standard 
PST  maneuver  types  can  be  used,  to  qualify  the  system  performance. 


2.  DESCRIPTION  OF  CONFIGURATION  AND  AERODYNAMIC  LAYOUT 

Next  a  short  description  of  the  configuration  and  its  aerodynamic  control  devices  and 
their  optimum  use  in  high  A.O.A.  is  given.  A  detailed  description  of  the  influence  of 
configuration  components  and  control  settings  has  been  given  in  [4] . 


The  simulated  aircraft  is  a  Delta-Canard  configuration  (see  Fig.  2)  with  twin  vertical 
tails,  4  leading  edge  (L.E.)  and  4  trailing  edge  (T.E.)  flaps.  The  canard  off  configura¬ 
tion  shows  neutral  stability  in  the  pitching  moment  up  to  A.O.A.  *  8s.  The  fixed  canard 
contributes  a  destabilization  of  about  7%  in  this  A.O.A. -regime.  Canard  on  and  canard  off 
longitudinal  stability  are  well  balanced  in  order  to  reduce  trim  drag  by  the  spanwise 
downward  deflection  of  the  T.E.  flaps  and  on  the  other  hand  to  achieve  a  restabilization 
of  the  aircraft  by  releasing  the  canard  in  the  case  of  a  CCV-system  failure.  Canard  and 
outer  T.E.  flaps  are  used  for  pitch  control  and  stability  augmentation.  Roll  control  is 
superposed  to  the  trim  and  pitch  control  deflection  of  the  outer  T.E.  flaps.  Yaw  control 
is  done  with  the  2  rudders  of  the  twin  fin. 

As  canard  and  T.E.  flaps  settings  both  influence  pitching  moment,  longitudinal  and  late¬ 
ral  stability  and  control  authority, it  is  necessary  to  find  a  trim  schedule  dependant  on 
A.O.A.  and  Mach  number  which  is  optimized  under  the  following  aspects: 

-  minimum  drag  in  the  conventional  A.O.A. -regime 

-  sufficient  control  authority  at  high  A.O.A. 

•  sufficient  pitch  down  acceleration  rate 

•  reduction  of  lateral  and  directional  instability  in  the  critical  A.O.A. -regime 
(30*  -  50*» 

•  quick  response  by  aileron  deflection  for  roll  stabilization 

-  balanced  loads  and  actuation  rates  of  control  devices. 

The  canard  is  held  in  a  nearly  'no  load*  position  for  medium  A.O.A.  to  keep  the  strong 
vortex  interaction  between  canard  and  wing  low  because  the  interaction  and  their  asym¬ 
metric  break  down  at  sideslip  angles  is  responsible  for  lateral  instabilities. 

The  L.E.  flaps  are  deflected  downwards  also  to  improve  lateral  stability. 

The  T.E.  flaps  are  deflected  downwards  at  low  A.O.A.  because  of  performance  reasons.  At 
medium  A.O.A.  the  trim  schedule  shows  a  separation  of  outer  and  inner  T.E.  flap  setting. 
The  aileron  efficiency  sharply  drops  at  A.O.A.  of  about  30°  to  about  1/3  of  the  low 
A.O.A. -region  and  the  downward  deflected  aileron  only  takes  a  20%  share  of  this  capaci¬ 
ty,  see  Fig.  3. 

Due  to  this  effect  a  better  roll  response  is  experienced  by  a  more  upward  basic  setting 
of  the  outer  T.E.  flaps.  This  schedule  allows  sufficient  roll  control  beyond  aircraft 
stalling  with  conventional  ailerons. 

The  trim  schedule  of  Fig.  2  compromises  these  optimization  aspects  and  has  been  applied 
in  the  high  A.O.;>.  simulation.  Lateral  stability  paraswters  associated  with  this  trim 
schedule  are  shown  in  Fig.  4.  Though  there  is  a  region  of  directional  instability,  the 
spin  departure  parameter  Cngdyn  is  kept  positive  throughout  all  A.O.A. 

Flq.  5  illustrates  once  more  the  spin  departure  parasMter  cn Bdyn  together  with  four  le¬ 
vels  of  spin  pronlty  dependant  on  sign  and  value.  1 

As  to  see,  the  basic  configuration  can  show  severe  and  abrupt  yaw  departure  with  large 
sideslip  excursions  between  15*  and  40*  A.O.A.,  if  the  L.E.  flaps  are  not  deflected.  At 
trim  conditions,  however,  as  already  shown  before,  cng£yn  reulns  positive  in  the  criti¬ 
cal  a-reglon,  becoming  even  more  positive  at  very  high  A.O.A.  due  to  the  stabilising  di¬ 
hedral  Clg. 

A  more  significant  criteria  for  proverse/adverse  sideslip  build  up  can  be  found  in  the 
frequency  ratio,  w+VwB1  ■  LCDP  •  cosa/Cngdyn>  Values  greater  1  indicate  proverse  slde- 
slip  (p  and  6  having  different  *ign)  and  values  lower  1  inverse  sideslip  (loss  of  roll 
power  due  to  sideslip  build  up) . 

For  values  lower  0,  roll  reversal  nay  be  expected,  and  the  roll  acceleration  is  in- 
versed  to  the  demanded  roll  stick  direction.  The  frequency  ratio  is  plotted  versus  A.O.A. 
for  trim  conditions  and  zero  trim  sideslip.  For  a  >  35*,  the  aircraft  shows  a  weak  ten¬ 
dency  toward  roll  reversal.  This  tendency  becomes  more  Intensive  for  out  of  trim  condi¬ 
tions. 

For  roll  control  a  scheduler  was  established,  depending  on  A.O.A.  and  Mach  number.  Fig. 

6  shows  the  resulting  aileron  effectiveness  versus  A.O.A.  for  the  res* in in g  roll  autho¬ 
rity  relative  to  the  pitch  control  demands  on  the  T.E.  flaps. 


15-3 


Fig.  7  shows  the  rudder  effectiveness.  It  decreases  markedly  at  A.O.A.  greater  than  30°. 
At  about  45s  A.O.A.  the  rudders  become  totally  ineffective. 


3.  CONTROL  SYSTEM  LAYOUT  AND  SIMULATION  RESULTS 

Having  analyzed  the  basic  airframe  stability  behaviour  and  the  available  control  power 
in  the  low  speed  regime,  the  next  step  was  to  select  appropriate  control  laws  and  feed¬ 
back  signals  and  to  show  in  form  of  a  6  degree  of  freedom  (DOF)  simulation  study,  that 
the  presented  configuration  can  remain  under  control  up  to  very  high  angles  of  attack 
with  the  implementation  of  thrust  support  by  vectoring  both  engine  nozzles  with  a  given 
control  authority  of  10°.  The  main  demands  regarding  stability  and  control  requirements 
for  tactical  high  incidence  maneuvering  can  be  summed  up  as  follows: 

-  prevention  of  unrecoverable  pitch  departure  at  fast  pull-up  maneuvers,  caused  by 
insufficient  nose-down  control  power  at  higher  angles  of  attack  and  low  dynamic 
pressure  levels; 

-  prevention  of  spin  departure  due  to  yaw  or  roll  divergence,  caused  by  negative 
directional  flight  path  stability  or  roll  reversal; 

sufficient  control  power  in  all  three  axis  to  maintain  the  above  mentioned  stabi¬ 
lity  performance  and  maneuverability  level  for  tactical  relevant  PST-operations. 

Beside  the  already  mentioned  stability  problems  in  the  lower  to  medium  A.O.A. -region, 
kinematic  and  inertial  coupling  effects  become  dominant  on  the  aircraft  motion  at  medium 
angles  of  attack.  These  effects  show  up  in  kinematic  a-B-exchange  during  high  incidence 
body  axis  rolls,  as  well  as  in  pitch-up  and  proverse  or  adverse  yawing  moments  genera¬ 
tion  due  to  roll/yaw  or  pitch/roll  coupling. 

To  determine  the  necessary  control  power  in  all  axis,  these  effects  had  to  be  considered 
for  the  Command  4  Stability  Augmentation  System  (CSAS)  lay-out. 

The  next  figure  (Fig.  8)  shows  the  finally  selected  control  laws  and  feedback  signals 
for  the  pitch  axis.  The  main  features  can  be  summed  up  as  follows:  The  stick  force  per 
g  depends  nonlinear  on  the  stick  deflection  range  with  the  calibrated  dynamic  pressure 
as  a  parameter.  Having  reached  the  maximum  g-load,  a  break  in  the  stick  force  gradient 
indicates  to  the  pilot,  that  he  will  enter  the  PST-region  by  pulling  beyond  aCLmax,  now 
controlling  angle  of  attack.  The  command  signal  is  fed  to  the  canard  and  to  the  T.E. 
flaps  with  different  authorities,  dependant  on  angle  of  attack  and  dynamic  pressure.  Ad¬ 
ded  downstream  of  the  feedback  signals  a  and  a,  are  the  trim  values  for  the  canard  and 
the  flaps  with  schedules  described  before.  In  the  canard  loop,  an  a-dependant  schedule 
limits  the  nose-up  canard  authority  for  pitch  departure  prevention  at  fast  pull-up  ma¬ 
neuvers  . 

Demanding  for  a  fast  and  precise  controlable  aircraft  at  high  incidences,  the  stability 
loops  were  designed  for  a  constant  natural  frequency  of  3  rad/sec  and  for  a  damping  ra¬ 
tio  of  0.7.  These  short  period  response  requirements  correspond  with  the  NIL  8785B  spe¬ 
cification  of  medium  nza~levels.  Without  Vector  Nozzle  Control  (VNC)  in  the  pitch  axis, 
the  mentioned  un,  c-values  could  not  be  reached.  Without  thrust  support,  heavy  a-over- 
shoots  and  even  pitch  departures  resulted  at  lower  dynamic  pressure  levels,  when  pulling 
a-rates  greater  than  about  25"/sec. 

Thereby  the  canard  saturated  for  angles  of  attack  greater  than  about  40°.  Therefore  VNC 
was  implemented  in  an  early  stage  of  the  simulation  study.  The  VNC-loop  was  automatical¬ 
ly  phased  in  as  a  function  of  angle  of  attack  and  calibrated  dynamic  pressure.  The 
switch  lets  through  the  strongest  signal  of  both.  The  phasing  in  values  were  varied  in 
the  simulation  session  and  finally  fixed  for  this  configuration  at  a*  =  20°  and  q*  = 

3  KN/m*. 

The  Fig.  9  shows  a  simulation  result  with  VNC  and  "Max.  Dry"  thrust  setting.  Here  we  can 
see  the  resulting  maximum  attainable  a-rates  and  the  needed  control  deflections  in  rela¬ 
tion  to  the  trim  settings  and  authority  limits,  for  fast  pull-up  maneuvers  up  to  70° 
angle  of  attack.  Also  shown  in  this  figure  are  the  maximum  deflection  rates  of  all  three 
pitch  moment  generators.  The  next  figure  (Fig.  10)  shows  a  time  history  for  rapid  pull- 
up  maneuvers  at  a  thrust  setting  of  "Max.  Dry”.  The  maneuver  wts  started  at  M  =  0.6  for 
an  altitude  of  20  KFT.  The  aircraft  was  rolled  to  an  initial  bank  of  about  40s  entering 
a  turn.  Thereby  the  aircraft  was  pointed  away  from  the  flight  path  by  fast  pitch  stick 
cossnands  of  different  authority,  reaching  maximum  angle  of  attack  values  up  to  70°,  at  a 
dynamic  pressure  level  of  2  KN/m* .  The  maximum  attainable  pitch  rate  was  about  35°/sec 
for  this  thrust  setting,  with  an  angular  rate  onset  of  50°/seci.  For  angles  of  attack 
greater  than  45  to  50°,  the  canard  saturated.  But  the  additional  pitch  control  power  of 
the  nozzle  prevented  the  aircraft  from  pitch  departure,  allowing  enough  nose-down  mo¬ 
ment  generation,  to  recover  from  these  deep  stall  conditions.  The  maximum  possible  de¬ 
flection  rate  of  70° /sec  was  not  reached. 

The  next  Fig.  11  shows  the  selected  control  laws  and  feedback  signals  for  the  lateral/ 
directional  axis.  The  layout  of  these  loops  was  dominated  by  the  demand  of  absolute  spin 
departure  resistance  for  maneuvering  conditions.  As  already  said,  both  spin  departure 
parameters  are  strongly  negative  for  out-of-trim  conditions  due  to  detrimental  interfe¬ 
rence  effects  of  the  dynamically  deflected  canard  and  T.E.  flaps  on  both  the  stability 
derivatives  Cig  and  Cn6. 
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To  minimize  kinematic  sideslip  build  up  at  roll  control  inputs  for  higher  angles  of  at¬ 
tack,  it  showed  to  be  mandatory  to  roll  around  the  stability  axis  instead  of  the  body 
axis,  thus  preventing  a-B-exchange.  As  shown  in  the  figure,  the  lateral  stick  inputs, 
scaled  for  stability  axis  roll  rate  demand,  produce  primarily  body  axis  roll  rates 
at  lower  angles  of  attack  and  mainly  body  axis  yaw  rate  at  higher  angles  of  attack. 

Thus  implementing  a  roll  stick-to-rudder- interconnect  with  the  control  law  given  by 
^Demand  =  PDemand  •  tana  means,  that  the  aircraft  is  forced  to  roll  around  the  velocity 
vector  or  around  the  flight  pa*-*i .  it  is  most  obvious,  that  the  resulting  conical  motion 
of  the  aircraft  around  the  flight  path,  eliminates  the  kinematic  a-B-coupling.  At  very 
high  A.O.A.,  the  aircraft  can  not  be  rolled  anymore  around  its  body  axis,  but  can  be 
sliced  around  the  yaw  axis. 

To  guarantee  a  departure  free  aircraft,  a  high  augmentation  6-feedback  was  provided  be¬ 
side  the  Roll  Stick  Rudder  Interconnect  (LSRI)  concept,  to  stiffen  the  flight  path  di¬ 
rectional  stability  cngdyn.  The  6-feedback  loop  was  designed  for  a  natural  dutch  roll 
frequency  of  3  rad/sec  in  the  whole  a-region  with  a  likewise  constant  damping  ratio  of 
0.7.  This  B-response  characteristic  was  sufficient  to  prevent  yaw  departure  under  all 
maneuver  conditions  and  roll  reversals,  ending  in  a  spin  entry  condition.  The  gains  in 
the  stability  loops  were  calculated  with  reference  to  the  cn8dyn-values  for  trim  condi¬ 
tions,  shown  before.  To  sustain  the  aircraft  to  roll  around  the  velocity  vector  at  out- 
of-trim  conditions  at  dynamic  sideslip  build-up,  a  stability  axis  yaw  damper  was  imple¬ 
mented.  All  gains  were  a-  and  ^-compensated. 

Simulating  the  system  without  thrust  support  in  the  yaw  axis  showed,  that  the  rudders 
could  be  saturated  already  at  medium  angles  of  attack  for  dynamic  pressure  values  less 
than  about  5  KN/m2 .  For  angles  of  attack  greater  about  35s,  no  relevant  yaw  rates  could 
be  maintained.  Therefore,  as  in  the  pitch  axis,  the  rudders  were  supported  or  substitu¬ 
ted  by  the  vectoring  engine  nozzles,  generating  body  fixed  yaw  acceleration,  dependant 
on  thrust  setting,  Mach  number  and  altitude. 

As  in  the  Aerodynamic  Surface  Control  (ASC)  loop,  for  the  VNC  a  similar  rollstick-to-yaw 
nozzle-interconnect  was  designed,  and  the  same  feedback  signals  were  used.  Thereby  the 
pitch  and  yaw  axis  have  the  same  authority  status  with  an  overall  authority  of  10s. 

The  next  figure  (Fig.  12)  shows  the  resulting  roll/yaw  rate  performance  for  three  thrust 
settings:  "idle",  "Max.  Dry"  and  "Max.  Reheat",  as  well  as  "without  VNC".  The  values  re¬ 
sulted  at  full  roll  stick  inputs  for  the  different  a+ri pi- settings.  Without  VNC,  no  rele¬ 
vant  yaw  rate  can  be  attained  for  a  >  35s.  Thereby  B-excursions  >  10s  could  be  observed 
at  fast  roll  stick  reversals,  with  the  rudders  in  a  limit  cycle.  With  VNC  and  a  minimum 
thrust  setting  of  "Max.  Dry",  the  sideslip  excursions  at  fast  roll  stick  reversals  and 
at  cross-control  inputs  could  be  held  less  than  Is.  The  next  figure  (Fig.  13)  shows  a 
roll  stick  reversal  maneuver  at  an  angle  of  attack  of  about  65s.  Here  we  can  see  the 
fast  yaw  rate  build  up  with  about  30s/sec2  yaw  onset  in  a  full  stick  reversal. 

Having  demonstrated  in  a  first  simulation  session,  that  the  present  delta-canard  confi¬ 
guration  remains  controllable  with  the  selected  control  laws  and  the  implementation  of 
Vector  Nozzle  Control  in  the  pitch  and  yaw  axis  an  operational  pilot  was  asked  to  rate 
the  whole  system,  flying  different  maneuver  types  with  the  standard  task  of  a  180°  hea¬ 
ding  change  without  pedal  inputs,  thereby  involving  high  angles  of  attack  up  to  70s.  The 
shorn  maneuvers  were  flown  without  target  display.  Therefore  the  pilot  could  only  orien¬ 
tate  on  the  following  instruments: 

-  ADI  (attitude  director  indicator)  -  altimeter 

-  HSI  (horizontal  situation  indicator)  -  speedmeter 

-  g -me ter 

a  »  8  indicator  -  vertical  velocity  indicator. 

All  here  shown  maneuvers  were  flown  with  phased  in  Vector  Nozzle  Control  at  constant 
thrust  settings  for  the  initial  conditions  of  M  «  0.6,  15  kft  altitude  and  1  g  level 
flight. 


The  next  figure  (Fig.  14)  show i  the  180s  heading  change  performance  in  a  horizontal  turn 
with  an  initial  bank  of  90s  a’.id  "Max.  Dry”  thrust  setting.  Having  pulled  to  8.5  g, 
reached  at  about  aCLwax  the  pilot  did  not  hold  the  maximum  turn  rate,  but  pulled  into  - 
the  PST-regime,  reaching  for  a  short  elapsed  maneuver  time  a  maximum  angle  of  attack  of 
about  65s,  whereby  the  speed  dropped  to  160  knts.  The  180*  heading  change  was  reached  at 
3 max  after  8  seconds,  thus  having  an  average  turn  rate  of  23° /sec.  At  the  lowest  speed 
level,  the  flight  path  was  vectored  to  about  -50s.  During  PST-entry  the  maximum  pitch 
rate  was  about  35s/ sec.  The  maneuver  was  ended  by  a  fast  a-recovery  to  about  zero  degree 
and  a  simultaneous  roll  to  level  flight. 

The  next  figure  (Fig.  15)  shows  the  180s  heading  change,  flown  in  the  vertical  with  zero 
degree  initial  bank.  Again  the  max.  attainable  normal  load  factor  was  reached  after  2.5 
sec.  and  pulling  over  the  top  with  "Max.  Reheat"  throttle  setting  the  inverted  attitude 
was  reached  within  about  10  seconds.  The  minimum  speed  in  this  maneuver  was  about  80  knts 
at  a  maximum  A.O.A.  of  55s. 
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The  next  figure  (Fig.  16)  shows  s  more  PST  typical  flight  path  change.  The  so-called  PST- 
Slice  was  initiated  at  a  constant  angle  of  attack  of  about  70*,  obtained  at  full  aft 
stick.  Here  we  see,  how  the  aircraft  is  forced  to  roll  around  the  flight  path  with  a 
settled  flight  path  angle  of  about  -70°  in  a  slightly  nose  down  position  during  several 
180*  heading  changes  with  an  established  yaw  rate  of  35*/aec,  ending  the  180*  pointing 
in  about  6  seconds.  The  slice  around  the  near  vertical  velocity  vector,  with  an  all-as¬ 
pect  gun  pointing  capability,  minimizes  the  aircrafts  combat  maneuvering  range,  there¬ 
by  developing  sink  rates  greater  than  6000  ft/min.  The  slice  can  be  stopped  fast  and 
with  a  good  settling  time. 

The  last  figure  (Fig.  17)  shows  the  angular  rate  onsets  in  body  axis  system,  extracted 
from  the  pilot  simulation  with  the  actual  system  in  the  before  described  maneuvers.  The 
maximum  demanded  values  in  pitch,  roll  and  yaw  axis  are  referenced  to  the  ASC  only  le¬ 
vels  and  to  the  additional  VNC  potential  acceleration  values.  As  shown,  the  nose-up  con¬ 
trol  power  of  the  canard  and  T.E.  flaps  was  not  needed  for  PST-entry,  but  was  not  suffi¬ 
cient  enough  to  pull  the  aircraft  to  the  maximum  useable  angle  of  attack.  Using  the  ad¬ 
ditional  thrust  support  in  the  pitch  axis,  the  objectives  for  air-to-air  simulations 
were  reached  at  higher  angles  of  attacks.  For  a  fast  a-recovery  and  for  preventing  pitch 
departure  during  fast  pull-ups,  the  nose-down  ASC-power  is  not  sufficient  at  lower 
speeds  and  has  to  be  sustained  by  the  Vector  Nozzle  with  "Max.  Dry*  as  a  minimum  thrust 
setting.  The  roll  control  power  of  the  ailerons  with  o-dependant  authority,  showed  to 
satisfy  the  air-to-air  combat  targets,  dropping  with  increasing  angle  of  attack,  corres¬ 
ponding  to  the  selected  LSRl-concept .  Thrust  support  in  the  roll  axis  was  not  necessary, 
thus  simplifying  the  hardware  of  the  nozzle  kinematic.  The  yaw  axis  ASC-control  power 
showed  to  be  the  most  critical,  because  of  rapid  yawing  moment  fading  with  Increasing 
A.O.A.  and  the  resulting  speed  loss.  But  with  an  additional  yaw  nozzle  loop,  the  air¬ 
craft  could  be  held  spin  free  and  controlable,  reaching  the  objectives  of  0.5  rad/ sec2 
yaw  acceleration  at  high  angle  of  attack. 


4.  CONCLUDING  REMARKS 

Summing  up,  we  can  make  the  following  conclusions: 

The  presented  configuration  with  relaxed  static  stability  margin  and  spin  suscepti¬ 
bility  at  medium  angles  of  attack,  could  be  kept  absolutely  under  control  at  very 
fast  and  tactical  orientated  control  demands  due  to  the  selected  control  lawi  and 
feedback  signals. 

The  MIL  8 78 SB  specifications  for  medium  nz0-levels  could  be  attained  at  PST-condi- 
tions,  thus  not  changing  aircraft  response  characteristics  at  very  low  speeds, 
relative  to  the  conventional  flight  envelope. 

Thrust  vectoring  with  conical  deflectable  engine  nozzles  showed  to  be  a  very  power¬ 
ful  moment  generator  for  stabilizing  and  maneuvering  the  aircraft  up  to  70*  A.O.A. 
and  resulting  speed  levels  less  than  100  knts. 

The  PST-maneuvers  are  very  dynamically  flown  and  of  only  short  duration  time,  giving 
up  the  high  energy  status  for  positional  advantage. 

With  a  responsive  VNC,  both  pointing  away  the  aircraft  from  its  flight  path 
and  flight  path  vectoring  with  different  maneuver  types  showed  to  be  possible.  This 
requires  highly  responsive  actuators  in  both  ASC  and  VNC-loops  with  deflection  rates 
of  about  50®/sec. 
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Rate  Performance  versus  A.O.A 
for  Three  Thrust  settings 
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Fig.  13  Simulation  Results  /  Roll-  *  Yaw  Axis 

"Max.  Reheat”,  Dyn.  Press.:  2KN/m* ,  with  VNC 


Maneuver  type:  horizontal  turn  (180°  heading  change) 

Control  status:  with  VNC  (10°  nozzle);  Initial  conditions:  M„-0.6.  H0-15kft,  1g,  t0 « 90 
Thrust  setting:  "Max.  Dry" 
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Simulation  Results 


Maneuver  type:  Vertical  turn  (180°  heading  change) 

Control  system:  With  VNC  (10°  nozzle);  Initial  conditions:  M»»n.fi. 
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EXPERIENCE  OF  NCN- LINEAR  HIGH  INCIDENCE 
AERODYNAMIC  CHARACTERISTICS 
by 
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British  Aaroapaca  Public  Liaitad  Coapany 
Aircraft  Group,  Norton  Division 
barton  Aarodrcaa 
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S0NMART 

The  ispact  of  aerodynamic  non-linearities  on  aircraft  behaviour  at  high  angle  of  attack  ia  considered 
from  both  an  analytical  and  a  flight  test  experience  viewpoint.  The  fora  of  soae  of  these  non-linearities 
and  their  iaportance  to  the  design  of  high  incidence  control  systems  is  examined.  Considerations  to  be 
applied  to  the  design  of  future  military  aircraft  for  operation  at  high  angle  of  attack  are  suggested. 

1.  INTRODOCTIOM 

On  an  aircraft  fitted  with  an  advanced  high  incidence  control  system  the  self-restraint  normally 
exercised  by  pilots  when  manoeuvring  at  high  angles  of  attack  can  be  relaxed.  Ibis  allows  freedom  to  per¬ 
form  inertially  coupled,  large  perturbation  roll  and  pitch  manoeuvres  which  can  result  in  a  combination  of 
high  sideslip  angles  and  high  angles  of  attack.  Tbs  presence  of  aerodynamic  non-linearities  is  to  be 
expected  in  such  conditions. 

This  paper  considers  from  both  analytical  and  flight  experience  viewpoints  the  impact  of  certain 
aerodynamic  non-linearities  on  aircraft  behaviour  at  high  angle  of  attack.  Effeots  found  to  be  important 
when  designing  aircraft  and  flight  control  systems  for  this  flight  regime  are  highlighted.  The  paper 
concludes  with  suggested  considerations  to  be  applied  to  the  design  of  future  military  aircraft  required 
to  operate  at  high  angles  of  attack. 

2.  REGIONS  WITH  NON-LINEAR  AERODYNAMICS 

2.1  Angles  of  Attack 

Typical  handling  phenomena  experienced  as  angle  of  attack  is  increased  as  shown  in  Figure  1.  Buffet 
onset  is  followed  by  "random"  wing  rocking.  A  progressive  deterioration  in  lateral/directional  handling 
characteristics  begins  from  seme  higher  angle  of  attack  and  eventually  a  departure  threshold  is  passed 
where  spins  can  occur,  either  naturally,  or  possibly  when  provoked  by  application  of  pro-spin  controls. 
Non-linear  aerodynamic  characteristics  are  a  feature  of  the  region  of  deteriorating  handling  qualltlea  and 
must  be  considered  for  any  analytical  studies  of  aircraft  behaviour  in  thin  region. 

2.2  Speeds 

A  typical  envelope  of  allowable  angle  of  attack  against  speed  is  shown  in  Figure  2.  For  moderate  to 
high  speeds  the  structural  nV  boundary  to  which  the  aircraft  ia  designed  keeps  dona  the  maximum  angle  of 
attack  for  which  an  operational  clearance  is  needed.  However,  at  low  to  moderate  speeds  routine  operation 
is  desired  up  to  (and  beyond?)  the  angle  of  attack  for  maximum  lift.  Ac  described  in  Section  2.1  the 
lateral/directional  characteristics  of  the  aircraft  may  intrude  on  this  ideal  situation,  a  handling 
boundary  being  defined  by,  for  example,  nose-slice,  unstable  dutch  roll,  etc  (Reference  1).  Speeds 
relevant  to  lateral/directional  misbehaviour,  where  aerodynamic  non-linearities  need  to  be  considered,  are 
shown  by  the  cross-hatching  on  Figure  2. 

3.  MATHEMATICAL  MODELS 

For  analytical  studies  of  aircraft  behaviour  at  high  angle  of  attack  and  for  designing  high  incidence 
flight  control  systems  it  is  necessary  to  define  a  suitable  mathematical  model.  The  formulation  of  each 
a  model  is  discussed  in  Reference  2.  Non-linear  aerodynamics  are  usually  catered  for  in  these  models  by 
use  of  coefficients  which  are  functions  of  the  necessary  Independent  variables.  Examples  of  some  of  these 
dependencies  are  given  in  the  next  Section  of  the  paper.  Experimental  facilities  used  to  define  both  the 
linear  and  non-linear  terms  in  the  model  Include i- 

*  Wind  Tunnel  Models 

**  Static  mounting,  in  uniform  or  curved  flow  (Reference  3) 

**  Oscillatory  rig  mounting  (References  3,  4)  v 
**  Rolling  rig  mounting  (Reference  3) 

*  Free-night  Models 

*•  Helicopter  or  carrier  aircraft  launched  (References  2,  6) 

•* *•  Catapult  launched  (Reference  7) 

**  Launched  in  a  vertical  wind  tunnel  (References  8,  9) 

**  Flown  in  a  horizontal  wind  tunnel  (Reference  9). 

4.  TYPES  OF  NON- LINEARITY 

Whilst  aerodynamic  coefficients  can  be  non-linear  in  both  the  longitudinal  and  lat era  1/direct lonal 
senses,  discussion  in  the  present  paper  covers  only  non- linearities  in  lateral/directiooal  coefficients. 
All  coefficients  are  functions  of  angle  of  attack  and  for  present  purposes  this  is  not  considered  to  bo 
a  non-linearity.  This  tern  is  reserved  for  non-linear  dependencies  on  sideslip  angle,  roll  rate,  yaw 
rate  and  tail  angle.  Roll  Control  power  and,  to  a  leaser  extent,  yaw  control  power  can  be  non-linear  but 
these  are  not  considered  here. 
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Non- linear it las  due  to  yaw  rata  ara  normally  iaportant  only  for  apins.  Non- linear it iaa  in  roll 
daaplng  occur  near  wing  atall  aa  illustrated  in  Figure  3.  This  leads  to  dependence  of  dutch  roll 
daaplng  on  the  aaplitude  of  the  oscillations. 

The  effect  of  tall  angle  on  the  variation  with  angle  of  attack  of  the  directional  and  lateral  stab¬ 
ility  derivatives  of  a  current  fighter  aircraft  is  shown  in  Figure  4.  "Stick  back"  in  the  context  of 
this  figure  laplies  large  negative  tail  angles  such  aa  those  required  to  trla  at  high  angle  of  attack  (on 
an  aircraft  which  is  naturally  longitudinally  stable).  Thus  trissing  significantly  reduces  and 

C  n/t  dynaaie  at  high  angle  of  attack  and  such  effects  aust  be  taken  into  account  at  the  design  stage  for 
an  aircraft  and  its  flight  control  systea.  (It  la  perhaps  worth  aentioning  that  this  effect  would  be  leas 
significant  on  a  Relaxed  Static  Stability  aeroplane  since  tail  angle  to  tria  at  high  angld.of  attack  would 
be  auch  less  negative  or  possibly  positive). 

Figure  5  shows  the  variations  of  rolling  aoaent  and  yawing  aoawnt  with  sideslip  angle  at  aoderate 
and  high  angle  of  attack.  For  the  lower  angle  of  attack  rolling  moment  is  essentially  linear  and  far  the 
configuration  shown  the  yawing  aoaent  non-linearity  is  favourable.  At  the  hitter  angle  of  attack  the  non- 
linearities  in  both  rolling  aoaent  and  yawing  aoaent  are  unfavourable. 

The  direct  effects  of  large  underwing  stores  on  the  sideslip  characteristics  of  the  configuration 
are  shown  in  Figure  6.  At  the  lower  angle  of  attack  the  atorea  are  laterally  and  directionally  destabil¬ 
ising  and  cause  the  non-linear  variation  of  yawing  nonent  with  sideslip  to  beccne  unfavourable.  At  the 
higher  angle  of  attack  the  stores  have  only  snail  effects  on  the  yawing  nonent  characteristic  though 
rolling  nonents  are  aarkedly  affected. 

However  for  assessing  the  overall  effects  of  such  stores  secondary  effects  suet  be  considered.  With 
underwing  stores  the  aircraft's  longitudinal  stability  is  reduced  and  thus  the  tallplane  angle  to  tria 
at  high  angle  of  attack  is  less  negative.  The  adverse  effect  of  tail  angle  to  tria  (Figure  6)  is  there¬ 
fore  reduced  and  the  net  effect  of  the  stores  is  to  slightly  iaprove  trimmed  directional  stability  for 
aaall  sideslip  angles;  however  at  high  sideslip  angles  the  effects  of  stores  reaain  adverse. 

5.  DESIGN  TOR  CAREFREE  MANOEUVRING 

The  nost  iaportant  non-linearities  identified  in  Section  4  are  those  associated  with  high  angles  of 
attack  and  large  sidealip  angles.  Experience  at  BAs  Wart on  has  shown  that  such  conditions  can  be 
achieved  in  flight  by  perioral ng  inertial ly  coupled,  large  perturbation  roll  and  pitch  aanoeuvres.  Pilots 
can  safely  perfora  such  aanoeuvree  on  an  aircraft  with  an  advanced  high  incidence  control  systea  which  can 
provide  a  carefree  aanoeuvre  capability. 

To  provide  carefree  aanoauvring  in  all  configurations  ashgie  control  systea  aust  cope  with  the  aero- 
dynaaic  character! at ice  of  the  Boat  severe  case.  This  could  Involve  scan  ccaproaise  to  the  aanoeuvre 
capability  of  leas  severe  configurations.  To  avoid  such  ccaproaises  either  a  acre  coaplex,  and  therefore 
a ora  costly,  control  systea  is  needed  or  the  carefree  aanoeuvre  capability  aust  be  provided  only  for  those 
configurations  for  which  it  is  operationally  necessary.  This  topic  is  worthy  of  discussion  between 
industry  and  operators. 

6.  FLIGHT  TEST  EXPERIENCE 

Figure  7  shows  flight  test  experience  of  indicated  angle  of  attack  (Airstreaa  Direction  Detector 
probe  reading)  and  sidealip  angle  at  departure  froa  controlled  flight;  the  high  incidence  control  aystea 
was  switched  off  for  these  tests.  Each  symbol  represents  a  separate  test.  The  ADD  at  departure  reduces 
with  increasing  sideslip  as  one  would  expect  with  the  non-linear  aerodynamic  characteristics  described  in 
Section  4. 

An  interesting  feature  is  the  difference  in  ADD  recorded  by  the  windward  and  leeward  probes  (these 
probes  are  on  the  sides  of  the  fuselage  just  forward  of  the  cockpit  area);  the  windward  probe  reads  auch 
higher  ADDs  than  the  leeward  probe.  This  points  the  way  to  successful  autoaatlc  protection  against  loss  of 
control  even  <dieu  the  pilot  is  carrying  out  the  aost  severe  dynaaie  aanoeuvres.  That  is  to  use  the  higher 
of  the  two  ADD  neasuranents  to  provide  the  incidence  signal  for  the  high  incidence  control  systea.  A 
control  aystea  which  uses  this  approach  has  been  flight  tested  at  BAe  Wart on  and  has  proved  very  satisfact¬ 
ory. 


7.  CONCLDDINO  REMARKS 

Baaed  on  experience  with  BAe  Wart on  projects  and  with  the  background  inforaatien  presented  in  this 
paper  the  following  considerations  are  suggested  for  design  of  future  military  aircraft  required  to 
operate  at  high  angles  of  attack. 

1.  Design  for  reasonable  spin  resistance. 

2.  Ensure  controllability  at  high  angle  of  attack  is  good. 

3.  Consider  augmenting  directional  stability  to  minimise  difficulties  due  to  non-linearities  with 
sideslip  at  high  angle  of  attack.  However  be  aware  of  other  possibly  adverse  effects,  for 
exaaple  the  effects  of  tallplane  angle  of  tria  on  directional  stability. 

4.  Where  a  twin  incidence  probe  installation,  with  probes  aounted  either  side  of  the  front 
fuselage,  is  used  to  provide  a  monitored  Incidence  signal  to  the  high  Incidence  flight  control 
systea  the  probes  are  likely  to  respond  differentially  to  sideslip.  The  higher  reading  can  be 
used  by  the  control  system  to  provide  additional  protection  against  adverse  aerodynaaie  non- 
linearities  due  to  sideslip. 

3.  Decide  the  role  of  the  aircraft  with  each  store  load.  Configure  the  flight  control  aystea  to 
provide  a  carefree  manoeuvre  capability  only  for  configurations  that  need  it;  avoid  ccaprcais- 
lng  the  manoeuvrability  of  these  configurations  by  covering  aore  severe  but  less  iaportant 
one.  Prohibit  gross  dynaaie  aanoauvring  on  those  configurations  where  the  operational  r8le 
of  the  aircraft  does  not  demand  it. 
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SUMMARY 


The  need  to  predict  stability  boundaries  for  flight  at  high  angles  of  attack  is  of  continuing 
importance,  and  the  possibility  of  using  analytical  techniques,  rather  than  studying  computed  responses, 
remains  attractive.  Two  methods  of  analysis  are  described  and  compared,  for  particular  forms  of  non- 
linearities,  and  a  relationship  is  established  between  nonlinear  stability  characteristics  and  linear 
stability  boundaries  in  terms  of  the  magnitudes  of  the  response  variables.  The  techniques  are  being  used 
to  predict  some  of  the  flight  characteristics  likely  to  occur  for  a  High  Incidence  Research  Model,  which  is 
being  tested  to  provide  wind-tunnel  and  free-flight  data  for  establishing  mathematical  models  of  aero¬ 
dynamics  at  high  angles  of  attack.  The  configuration  and  the  research  programme  are  described  briefly. 


1  INTRODUCTION 

Although  it  is  only  possible  to  specify  general  descriptive  criteria  for  handling  qualities  for 
departure  and  spinning  characteristics  of  aircraft,  it  is  still  necessary  to  quantify  the  characteristics 
in  some  way  for  assessment  purposes  during  the  development  of  an  aircraft.  The  first  problem  is  to 
specify  the  form  of  the  mathematical  model  of  the  aerodynamic  forces  and  moments,  and  then  to  specify  the 
numerical  values  of  the  parameters  needed  to  reproduce  the  responses  to  control  inputs  at  high  angles  of 
attack.  There  have  been  a  number  of  research  papers  published  recently  describing  either  the  mathematical 
model  of  particular  aircraft  (eg  Ref  1),  or  describing  the  types  of  nonlinearity  which  may  have  to  be  included 
for  adequate  representation  of  the  aerodynamics  of  current  and  future  aircraft,  for  flight  at  high  angles 
of  attack'-'^.  The  next  problem  is  to  obtain  an  overall  picture"’^  of  the  characteristics  of  the  dynamic 
responses  to  all  types  of  control  inputs  likely  to  be  used,  since,  without  a  method  of  analysis  to  define 
the  characteristics,  the  number  of  response  calculations  (or  simulations)  required  is  very  large.  It  is 
not  possible  to  •> arantee  that  all  possible  types  of  motion  have  been  encountered  in  these  calculations, 
due  to  the  dependence  of  nonlinear  systems  on  the  amplitudes  and  phases  of  the  response  variables.  A 
familiar  example  of  this  is  the  uncertainty  as  to  whether  all  the  spin  modes  of  a  new  aircraft  have  been 
encountered  in  either  simulations,  or  tests  in  a  spin  tunnel,  or  in  free-flight  tests  of  models,  before  the 
actual  aircraft  is  flown  to  high  angles  of  attack.  Another  important  example  is  the  lengthy  and  possibly 
inconclusive  process  needed  to  assess  and  test  control  systems  which  are  designed  to  prevent  departure  from 
controlled  flight. 

Some  progress  has  been  made  recently  in  obtaining  general  stability  characteristics  for  various 
particular  types  of  nonlinearity  likely  to  be  present  in  the  kinematic  and  aerodynamic  terms  in  the  equatons 
of  motion  of  aircraft,  and  two  methods  of  analysis^'®  sire  discussed  in  section  2.  (Description  of  methods) 
and  section  3  (Examples)  of  this  paper.  The  preliminary  analysis  needed  for  determining  the  possible  non¬ 
zero  equilibrium  states  of  the  nonlinear  system  is  also  described,  the  emphasis  being  on  defining  the 
complexity  of  nonlinear  terms  which  can  be  included  for  algebraic  solutions  to  exist.  Such  solutions  can 
give  insight  to  the  significance  of  various  terms  much  more  readily  than  those  which  have  to  be  obtained 
using  an  iterative  numerical  process. 

The  first  method  of  analysis  involves  the  familiar  linearisation  of  the  equations  of  motion  about 
the  non-zero  equilibrium  state,  which  has  al60  been  described  in  Ref  5  in  terms  of  Catastrophe  Theory  and 
Bifurcation  Analysis.  The  results  in  Ref  5  are  mainly  presented  in  terms  of  the  magnitudes  of  steady 
control  inputs  which  lead  to  zero  damping  of  either  exponential  or  oscillatory  modes  (bifurcation  surfaces), 
but  it  is  shown  here  that  for  many  responses,  the  magnitude  of  one  of  the  response  variables  is  the  basic 
significant  parameter.  In  particular,  the  well-known  significance  of  roll-rate  in  inertia  cross-coupling 
is  demonstrated,  using  Bifurcation  Analysis. 
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The  second  method  of  analysis  is  a  simple  extension'  of  the  averaging  technique  introduced  by 
Krylov,  Bogoliuboff  and  Mitropolsky,  to  obtain  approximate  analytic  solutions  for  the  nonlinear  "damping" 
and  "frequency"  of  nonlinear  "modes"  in  terms  o*'  the  amplitude  of  response.  A  relationship  between  the 
linear  stability  characteristics  given  by  Bifurcation  Analysis  and  the  nonlinear  stability  characteristics 
is  obtained  for  a  particular  type  of  nonlinear  . ty  in  aerodynamic  moments  due  to  sideslip,  which  again 
demonstrates  that  the  amplitude  of  the  response  variables  is  the  significant  parameter  in  defining  the  type 
of  nonlinear  response  which  could  occur,  such  as  limit  cycle,  oscillatory  divergence  or  exponential-type 
divergence.  The  possibility  of  introducing  other  forms  of  nonlinearity  is  also  discussed  briefly. 

These  methods  are  being  applied  to  a  mathematical  model  of  a  particular  configuration,  the  High 
Incidence  Research  Model,  which  is  the  subject  of  a  theoretical  and  experimental  research  programme0  aimed 
at  establishing  techniques  for  mathematical  modelling  at  high  angles  of  attack.  Static  and  dynamic 
aerodynamic  data  are  currently  being  obtained  from  wind-tunnel  tests,  and  flight  data  will  be  obtained 
using  free-flight  models.  The  configuration  and  research  programme  are  described  in  Section  4,  as  they 
are  the  current  focus  for  the  theoretical  work  described  earlier. 


2.1 


2.1.1 


Equilibrium  States  for  Nonlinear  Equations  of  Motion 
.Equations  of  motion  and  datum  state 


The  search  for  meaningful  approximate  solutions  to  the  nonlinear  equations  for  the  equilibrium 
states  of  an  aircraft  seems  to  have  been  revived  recently,  particularly  for  analysis  of  steady  spins^*1^. 
Digital  computer  techniques  are  now  available1"*,  but  there  is  still  need  for  algebraic  solutions  -  even  if 
approximate  -  so  that  important  parameters  for  new  aircraft  shapes  may  be  identified.  Associated  with 
such  searches  are  the  various  suggestions  for  appropriate  state  variables,  ie  which  quantities  to  use  to 
express  the  mathematics.  An  interesting  collection1^  relevant  to  spin  has  recently  been  published,  but 
there  does  not  seem  to  be  an  ideal  set  of  variables.  Two  distinct  sets  of  angles  are  used,  Euler  angles 
defining  the  orientation  of  the  aircraft  relative  to  earth,  and  the  incidence  angles  defining  the  orienta¬ 
tion  relative  to  the  velocity  vector.  These  sets  are  related  via  the  flight  path  angles,  and  so  the 

equations  are  necessarily  complicated.  For  the  angular  motion,  it  is  possible  to  use  either  the  familiar 
components  about  the  moving  body  axes,  or  to  use  the  spin  rate  at  given  radius  about  a  given  axis  relative 
to  the  earth.  It  is  not  proposed  to  discuss  these  representations  more  fully  here,  but  to  demonstrate 
which  types  of  nonlinearity  can  be  included  to  still  yield  equilibrium  equations  which  have  analytic 
(algebraic)  solutions. 
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For  the  determination  of  developed  equilibrium  states  in  which  u*v»wap»q=raO ,  such  as  autorotational 
rolling  or  spinning,  it  is  usually  justifiable  to  assume  that  the  gravity  terms  may  be  accounted  for  as  an 
averaged  contribution,  ie  a  symmetric  steady  state  is  assumed  to  exist,  at  which  the  normal  force  due  to 
angle  of  attack  is  balanced  by  the  mean  value  of  (-mg  cos  0 ) ,  and  the  associated  axial  force  is  balanced 
by  the  mean  value  of  (mg  sin©).  The  residual  oscillatory  contribution  from  the  gravity  terms  is  of  small 
amplitude,  and  can  usually  be  neglected.  The  pitching  moment  has  also  to  be  balanced  by  an  elevator 
deflection,  and  so  the  symmetric  datum  state  may  be  described  in  terms  of  the  variables  uQ,  wQ,  q0  and 
resultant  velocity  VQ.  The  aerodynamic1  forces  and  moments  may  also  be  expressed  in  terms  of  this  datum 
state,  and  in  particular  the  datum  angle  of  attack,  tan'  (w0/uQ). 


2.1.2  Equilibrium  states  for  linear  aerodynamic  terms 


The  nonlinearities  in  the  kinematics  define  additional  non-zero  equilibrium  states,  denoted  here  by 
suffix  *6*,  and  it  is  useful  to  define  we,  ne  as  the  increments,  not  necessarily  small,  to  the  datum  state, 
so  that  w  3  «ofWe»  n  =  n0+ne,  Z  =  Z0+Zeetc,  but  where  he  =s  0  does  not  imply  that  we  a  0.  However,  the 

resultant  velocity  remains  near-constant,  and  so  the  assumption  is  made  that  u  =  u0,  to  make  the  analysis 
tractable.  It  is  also  useful  to  choose  the  principal  axes  of  inertia  as  the  reference  axes,  so  that 
Ixz  =0,  simplifying  the  form  of  equations  (4),  (5)  and  (6)  without  los6  of  accuracy.  If  the  aerodynamic 
forces  and  moments  are  initially  assumed  to  be  linearly  dependent  on  the  response  variables,  and  are 
expressed  in  terras  of  the  familiar  stability  derivatives  at  the  1  (turn  angle  of  attack,  (but  including  all 
the  cross-coupled  derivatives  such  as  lq),  the  equilibrium  equations  for  the  variables 
A  v  »  w 

v  a  w  *  e,  p  ,  q  ,  r  may  be  written  as: 
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where  the  concise  dimensional  form  of  the  derivatives  has  been  used  (ie  the  dimensional  aerodynamic 
derivative  divided  by  the  appropriate  mass  or  moment  of  inertia),  bx  =  (Iy-I2)/Ix  etc,  and  suffix  c  on  the 
RHS  denotes  force  or  moment  due  to  control  deflections.  The  variables  $e  and  we  have  been  used,  rather 
than  a  and  B,  since  the  complete  definitions  of  the  angles  would  be  needed,  eg  #e  «  sin  as* 


I 
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These  equations  may  be  solved  using  determinants,  by  observing  that  the  determinant  of  the  chosen 
form*  of  the  matrix  in  equations  (7)  is  linearly  dependent  on  qe,  and  is  a  polynomial  of  fourth  order  in 
pe.  Thus  it  is  possible  to  solve  for  qe  and  pe,  in  particular,  to  give  expressions  of  the  form: 

P  (p  )  +  P  (p  )  q 

P*  =  Q  e  1  e  Me  (8) 

D  (p  )  +  D  (p  )  q 
o  e  1  e  e 


q  =  W  1  W  %  (9) 

VpeJ  *  W  qe 

Equation  (8)  gives  the  solution  for  qe  in  terms  of  pe,  which  may  be  substituted  into  equation  (9),  to  yield 
a  polynomial  in  pg. 

[p0(Pe>  -  PeD0(Pe>][D1(Pe)Po(Pe)  '  WW^ 

+  OeW  "  W^oVlW  '  peVpeH  “  W  I  Po(pe)  '  PeWN  "  0  (10) 


In  general,  the  polynomials  DQ  and  PQ  are  quartic  in  pe,  Di  ^  and  Qq  are  cubics,  and  Q-j  is  a  quadratic,  so 
that  the  polynomial  in  equation  (10)  is  of  order  12.  There  is  some  simplification  if  the  cross-coupling 
derivatives  are  neglected,  but  the  forra^and  order  of  equation  (10)  remains  the  same.  If  some  of  the 
damping  terms  are  neglected,  such  as  mq,uthen  the  order  of  the  polynomial  is  reduced  to  7,  and  if  all 
damping  terms  (derivatives  due  to  p,  q  and  r)  are  neglected,  then  a  quartic  i6  obtained. 

For  the  special  case  of  inertia  cross-coupling,  where  the  equilibrium  state  is  independent  of 
control  setting,  then  the  determinant  of  the  matrix  in  equation  (7)  is  zero,  ie 

W  *  D1(pe)qe  =  0  (11) 

With  the  assumption  that  bx%0  (or  that  the  product  bxqere  is  negligible),  equation  (11)  gives  the 
equilibrium  rates  of  roll  at  which  auto-rotation  can  occur,  and  reduces  to  the  classic  bi-quadratic  if  the 
stiffness  terms  and  damping- in-roll  derivative  only  are  retained.  If  bx  f  0,  then  equation  (11)  has  to 
be  combined  with  the  ratio  of  pe/qe,  obtained  from  equations  (8)  and  (9)-  With  this  form  of  equations, 
it  is  possible  to  eliminate  qe,  to  obtain  a  polynomial  of  order  11  in  pg. 

2.1.3  Equilibrium  states  for  nonlinear  aerodynamic  terms 

Having  established  a  method  of  solution  with  linear  aerodynamics,  it  is  interesting  to  see  how  many, 
and  which  types  of  aerodynamic  nonlinearity  may  be  introduced  before  it  is  impossible  to  obtain  a  polynomial 
in  pe  alone.  For  example  Mehra^  has  included  a  linear  dependence  of  some  of  the  lateral  derivatives  on 
angle  of  attack,  and  his  equations  for  the  equilibrium  state  may  be  written  in  the  form: 


- 1 

< 

pe 

sino0 

0 

-cosa 

0 

V 

e 

>; 

-p 

z 

0 

cosa 

0 

w 

z 

*e 

w 

o 

e 

c 

(1+1  w  ) 

1P  C 

1 

1 

(1+1  w  +b  q  ) 

p 

s 

1 

v  vw  e 

£w  c 

P 

q 

r  rw  e  x^e 

re 

c 

0 

m 

0 

m 

bp 

q 

m 

w 

q 

y  e 

e 

c 

n 

(n.  $  +n  p  ) 

n 

bp 

n 

r 

n 

V 

fw  c  pw  e 

P 

zre 

r  J 

e 

c 

The  determinants  are  again  linear  functions  of  qe,  and  also  linear  functions  of  we ,  so  it  is  still  possible 
to  obtain  a  polynomial  in  pe,  from  the  equations  for  pe,  qe  and  we,  although  the  algebra  is  lengthy. 
Elimination  of  qe  leads  to  two  simultaneous  polynomial  equations  in  we  and  pe,  with  quadratic  terms  in 
which  may  be  eliminated,  to  give  a  high  order  polynomial  in  pe.  It  may  be  observed  that  it  is  possible  to 
include  the  additional  derivatives  lpW  and  lqW,  (since  they  do  not  introduce  higher-order  terms  in  we)  and 
still  obtain  a  polynomial  in  pe,  but  that  addition  of  the  variation  of  yawing  moment  due  to  sideslip  with 
angle  of  attack,  nvw,  leads  to  a  quartic  equation  in  we.  In  general,  the  aerodynamic  data  available 
indicate  dependence  of  the  derivatives  on  angle  of  attack  primarily,  and  on  angle  of  sideslip  to  a  lesser 
extent,  with  indications  from  tests  on  rotary  rigs  of  nonlinear  moments  due  to  rate  of  roll.  The  latter 
may  easily  be  accommodated  in  the  determinants  above,  without  causing  high  order  terms  in  we  or  qe. 
Pinsker1^  has  observed  that  the  normal  force  can  often  be  expressed  as  a  near-linear  function,  using 

Q 

Z  a  kQ  +k^  tan  a^,  where  tan  =  w/^,  and  so  it  may  be  feasible  to  extend  the  linear  dependence  by 
C0Sc<t 

using  this  combination.  For  large  angles  of  attack,  pitching  moment  is  also  often  approximately  linear 
with  angle  of  attack,  and  so  it  is  the  variation  of  mq  and  the  lateral  derivatives  which  could  be  important. 
Of  these,  the  second-order  derivatives  lvw,  lp*,  lrw,  lfW,  lqw,  npW,  nrw,  n^w  and  nqw  may  be  included,  to 
give  a  polynomial  in  pe,  but  the  addition  of  either  of  the  derivatives  or  raqw  leads  to  high-order 

equations  in  It  may  be  noted  that  any  dependence  of  1  and  n  on  angle  of  sideslip  may  also  be 

included.  6  P  P 
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Several  investigators  of  inertia  cross-coupling  problems  have  neglected  the  *bxqr*  term  in  the 
rolling  moment  equation,  since  b  **  0  for  aircraft  with  moderate  Ix/Iz  ratios,  and  qe,  re  much  lower  than  pe. 
For  such  cases,  it  would  be  possible  to  obtain  a  solution  when  several  second-order  derivatives  with  respect 
to  angle  of  attack  are  included  in  the  mathematical  model. 

For  spinning  problems,  it  is  usually  necessary  to  retain  the  ’bxqr*  term,  especially  for  inertially- 
slender  aircraft,  and  so  the  algebraic  solution,  if  possible,  is  lengthy.  The  alternative  ‘classic’ 
method  of  solution  leg  Ref  13) ♦  for  the  spin  states  is  to  consider  the  moment  equations,  expressing  p,  q,  r 
in  terms  of  the  spin  rate  and  the  attitude  angles,  so  that  a  set  of  equations  are  obtained  which  have  to 
be  solved  graphically,  or  iteratively. 

Some  simpler  dynamic  problems  are  also  of  interest,  in  particular  the  conditions  for  lateral 
departure  from  controlled  flight,  when  the  mean  angle  of  attack  can  be  considered  to  be  approximately 
constant  for  the  initial  motion.  It  is  possible  to  include  some  higher-order  aerodynamic  nonlinearities, 
and  the  solution  for  the  equilibrium  states  remains  straightforward. 

2.2  Linear  Stability  Characteristics 

The  obvious  technique  to  use  for  the  study  of  the  stability  of  responses  about  a  non-zero 
equilibrium  state,  such  as  a  rapid  roll  or  spin,  is  to  consider  only  small  perturbations  about  that 
equilibrium  state,  so  that  the  equations  of  motion  may  be  linearised,  and  the  usual  stability  roots  derived. 
Although  the  resulting  equations  are  often  of  high  order,  it  is  usually  possible  to  identify  the 

important  parameters,  and  so  gain  an  insight  to  the  basic  characteristics  of  the  responses.  For  example, 
the  simplest  approximation  to  the  response  in  inertia  cross-coupled  motion  indicates  that  there  are  two 
possible  non-zero  equilibrium  states,  the  lower  of  which  is  unstable,  so  that  the  response  diverges  to  the 
higher  stable  equilibrium  state.  This  property  leads  to  the  concept  of  a  "critical  roll  rate",  above  which 
the  response  will  diverge  to  the  equilibrium  state,  irrespective  of  control  inputs. 

In  general,  nonlinear  equations  of  motion  may  be  written  in  the  form: 

X  a  f  (£,  C_)  ,  (13) 

where  x  is  an  n-dimensional  vector  of  state  variatles,  and  £  is  an  m-dimensional  vector  of  control 
variables.  The  basic  equilibrium  state  is  x  =  0,  £  s  0  (to  give  ^  a  0),  but  for  nonlinear  systems, 
other  non-zero  equilibrium  states  may  exist,  for  which 

f(x  ,  c  )  a  0.  (l4) 

— e  — e 

The  stability  characteristics  about  this  equilibrium  state  may  be  obtained  by  considering  the  incremental 
vector  x • ,  where 


x‘  =  f (x  +x' ,  c  ) 

—  — e  —  e 


F(x 


)  •  x  * 


(15) 


The  form  of  F(x_,  £)  is  evaluated  by  inspection  of  the  form  of  f(£,  £).  It  is  usually  possible  to  write 
f (_x ,  c)  in  matrix  notation,  as  in  Section  2.1,  and  then  FGc,  c_)  is  the  Jacobian  matrix  of  f(.x,  £).  For 
the  linearised  system,  the  stability  polynomial  is  obtained  by  assuming  that  x'  =x  A^.e*^,  to  give  the 
detenninantal  equation, 


(16) 


where  p.  may  be  real  or  complex,  corresponding  to  exponential  or  oscillatory  modes  respectively. 
The  condition  for  zero  damping  of  an  exponential  mode  is  that  |f(x  ,  c  )|  a  u, 


(1?) 


so  that  equations  (14)  and  (17)  give  n+1  equations  to  determine  the  particular  n  equilibrium  states  and 
the  relationship  between  the  control  settings  for  which  zero  damping  occurs.  Thus  the  stability 
boundaries  are  defined  in  the  control-space,  beyond  which  divergence  occurs,  and  are  known  as  bifurcation 
surfaces. 


The  corresponding  condition  for  zero  damping  of  an  oscillatory  mode  is  that  Real  part  of  vu  * 
but  this  cannot  be  expressed  simply,  being  the  Routh's  discriminant  of  the  stability  polynomial.  However- . 

the  boundaries  can  be  computed  for  given  forms  of  f(_x,  £ ) ,  beyond  which  the  oscillatory  modee  have 
increasing  amplitude,  and  these  are  termed  Hopf  bifurcation  surfaces. 

The  significance  of  these  stability  boundaries  has  been  discussed  by  Mohra  n*  r. . . 

Analysis  and  Catastrophe  Theory  Methodology  (BACTH).  The  nominal  equilibrium  •  r  •* 

exponential  mode  has  zero  damping  are  not  achievable,  since  the  response  either  :;v«v»r- 
occurs)  or  changes  to  a  stable  equilibrium  state  ( ie  a  jump  occurs'.  w'her.  ir;  :■  .•  *» 

equilibrium  state  has  zero  damping,  then  the  response  may  neerwe  t  .  im.*  y  *  •*,- 

oscillatory  manner. 

The  form  of  the  function  Fix,  c)  may  be  Jcriv^  i  i :  *  u*  r  :  .  :  .. 
second-order  nonl inearit ies  of  polynomial  form,  sir.- e  •  .*«♦**,  •  •.  . 
matrix  form 
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where  A(x)  and  B(x)  contain  only  first  order  tens  In  x  .  An  tnvli  of  A(x)  is  gloss  is  eqsmtlon  (7), 
titers  tte  matrix  on  tte  loft  tend  sids  of  tte  equilibriua  equation  eoetsiss  linear  torso  is  p  sad  q.  Ass 
A(x)  asp  be  written  as  tte  bus  of  two  aatrioos,  ooa  of  which  is  independent  of  tte  ststa  varlablea,  and  tte 
other  containing  only  linear  termn.  Acre  ia  a  choice  in  tte  ordering  of  this  aeoosd  sstrix,  sines  a 
tern  in  the  equations  aijXiX,  can  be  considered  as  either  (ayx^)  la  tte  J'th  colons  to  be  sultiplied  by  x., 
or  as  (aijxj)  in  the  i'th  coluan,  to  be  sultiplied  by  xj,.  One  obvious  choice  ia  to  teep  tte  nonber  of 
different  xi  appearing  ia  tte  sstrix  to  a  ninlsua,  as  has  been  done  in  equation  (7).  Sms  equation  (l8) 


nay  be  expanded  to  give 

i  m  [Ao4A1(x)].x  + 

■  [*o+A1(x>)  +  A1(x,)].Cx#+x')  +  [Bfl+B1(x>)  +  B1(x,)].(c<4c«) 

■  [Aq+A1  (x^ )]  +  A1(x,).xt  +  [B^+B.jCx^J.o/  +  B1(x«).e#+0(x'2) 

■  tVW  +  W  +  B2(c.)3-i*  ♦  [VWte*  (19) 

where  A1(x»).x#  ,  AjCx^.x'  (20) 

^  (£')•£,  (  »2 (*,)•£'.  (21) 

and  the  equilibriua  condition  is 

tVAi(5,)]*i,  *  *  0  (22) 

The  stability  polynoaial  is  then  given  by  tte  deterainantal  equation  corresponding  to  equation  (16),  vis 
|ao+A1(x<)  +  *2^)  +  B2<c^)  -  ulj  a  0  (23) 


Bm  bifurcation  surfaces  are  defined  by  the  roots  of  the  stability  polynoaial  for  which  B  (y)  a  0,  and  say 
be  denoted  by  tte  paraaetric  relationships  between  x^  and  c^  ,  ie  particular  values  of*  x#  and  c#. 

An  alternative  basis  for  exaaining  stability  about  non-aero  equilibriua  states  is  to  choose  a 
particular  state,  and  use  equation  (22)  to  determine  tte  control  inputs  required,  for  substitution  Into 
equation  (23),  ie  tte  stability  determinant  aay  be  expressed  in  terms  of  tte  equilibriua  state.  In 
particular,  if  tte  control  characteristics  are  independent  of  the  state  variables  (eg  control  derivatives 
independent  of  angle  of  attack  etc)  then  Bj(x)  $  0,  Bg(cff)  g  0,  and  the  aatrix  in  equation  (23)  is  not 
explicitly  dependent  on  control  inputs.  Thus  the  stability  boundaries  are  explicitly  dependent  on  tte 
state  variables  only.  thus  the  concepts  of  critical  nagnitudes  of  certain  state  variables  leading  to 
divergence,  such  as  rate  of  roll  for  inertia  cross-coupling,  and  possibly  rate  of  yaw  far  some  spin  entries, 
is  probably  of  wider  application  to  other  nonlinear  responses,  and  is  being  explored  further. 

2.3  nonlinear  Stability  Characteristica 

Several  techniques  are  being  developed  to  study  the  characteristics  of  tte  responses  of  nonlinear 
dynamic  ays  teas,  two  of  tte  most  widely  used  being  Iyapunov  functions  and  the  averaging  method  of 
Krylov,  Bogoliuboff  end  Mitropolaky.  As  latter  has  been  extended?  to  include  tte  concept  of  nonlinear 
damping,  as  a  function  of  amplitude,  and  to  high -order  differential  equations1',  to  give  approximate  analytic 
solutions.  Most  of  the  work  at  tte  BAX  has  been  centred  on  tte  lateral  equations  of  motion  with  nonlinear 
assents  due  to  sideslip  or  roll  rate,  to  study  lateral  departures,  so  that  the  equations  reduoe  to  one 
differential  equation  in  one  variable.  Ae  method  is  described  here  for  an  example”  with  linear  and  cubic 
terns  in  tte  representation  of  rolling  and  yawing  moments  due  to  sideslip.  Ae  equations  are  given  by: 

v  ■  yy1v  +  y^v^  +  *0P  -  uor  +  ^  sin  *  cos  8o  +  y#  (26) 

*  -  Vi*  ♦  *  y +  V  +  1.  (67) 

f  "  Vi’  +  bv3*3  +  V  +  V  +  Be  <28) 

where  tte  concise  moment  derivatives  contain  product  of  inertia  terms,  and  contributions  from  a  simple  roll- 
damper  with  gearing  K  $p.  Ae  gravity  tern  may  be  retained  for  study  of  responses  about  the  aero  equilibrium 
state,  by  linearising  sin*  ,  but  for  responses  about  a  non-sero  equilibrium  state  the  gravity  term  ham  to 
be  neglected.  Elimination  of  p  and  r  then  yields  one  equation  in  v,  of  the  form: 

Otf)  *  &  *  ♦  4*<f>  +  0 (i)  -  *(y  i  ,n  )  .  0 

dt5  dtZ  dt  *>  *  * 

whery  A(v) ,  B(v),  C(v)  contain  linear  and  cubic  terms  in  v,  eg  0(7)  ■  0.7+cjt^.  A  solution  of  tte  fans 
v  *  v*  ♦  o  cos  a  is  sought,  where  ve  ia  tte  equilibriua  state,  C(v«)  ■  E(ye,le,ne),  and  tte  nonlinear 
damping  and  frequency  are  defined  by 

ft  "  W  •  &  “  *  (»> 

If  tte  assumption  is  made  that  k  and  «  are  approximately  constant  for  one  cycle  off  ,  (from  0  to  to),  Aon 
tte  averaging  technique  gives  an  approximate  eolation,  for  k  and  «  as  functions  of o  , 

*♦  .  0  and  ^  /^.sin  ♦  dt  .  0  (30) 


These  two  equations  say  bo  combined  and  written  is  complex  fora,  by  considering  1  j2*<l£oos  ♦-  lslstjdd  i#0.. 

which  yiolda  the  nonllneer  stability  equation,  ° 

tk+in)3  +  (a.j+JSjT^Xk+ini)2  ♦  ^  »jO  2(Jk+ds>*  +  (b1+3^#2)0t+i*»)  ♦  £  b  j  ®2(3k+l») 

♦  (o^Jy,2  +  $  c,  *2)  -  0  (Jrt) 

This.equation  say  bo  compared  with  that  obtained  by  loeal  linear iaation,  using  tot  *  t*  and  nasi  anting 
0(v,<:),  so  that  seeking  a  solution  of  the  fora  v*  -  ay*VZ  gives  * 

u3  +  [V3«5\V  ♦  CV3,*V>  +  Cci+3y,23  -  °<  (»> 

where  g  ■  X  +iv.  The  linear  stability  boundaries  are  defined  by  X»  0,  yielding  the  oritioal  equilibria* 
state  vfe,  given  by  either 

»  2 

o1+3CjVb  m  0  for  real  roots  with  sero  dasping  (33) 

w  CvVbfai  +3bjVb2]  -  [<*1+3CjVb2]  «  0,  for  complex  roots  with  aero  dasping,  ie  y  ■  iv  (34) 

The  corresponding  nonlinear  conditions  of  k(o)  -  0  give  the  anplitude  a.  at  which  divergence  occurs 
if  the  corresponding  uCc.)  is  isaginary,  and  the  asplitude  a.  of  any  Unit  cycles ,  for  real  M(o.).  She 
equations  are:  "  " 


3v.2+* 


°3  °c 


“d  C«1+3V.2  +  I  *3  °£lCV3Ve2  +  l  b3  °L2]  -  t°1+3y.2  +  I  °3  Vl  ■  0 
It  nay  be  observed  that  these  conditions  are  satisfied  if 
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+  TT,ro 
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(35) 

(36) 

(37) 


Thus  there  appears  to  be  a  Relationship  between  the  anplitude  of  the  liait  cycle,  or  the  oritioal 
about  an  equilibrium  state  v# ,  and  the  anplitudes  of  the  linear  stability  boundaries.  In  particular,  the 

value  of  0,  at  v ■  0  (for  responses  about  the  sero  equilibriun  state)  is  twice  that  of  the  aqplitade  of 
the  equilibriun  state  at  which  the  linearised  equations  indicate  sero  dasping,  relationship  has  been 

confined  for  this  natheaatical  aodel,  and  the  results  are  described  in  Section  3*1,  far  other  nrmllmsr 
dynes ic  system ,  the  relationship,  if  it  exists,  will  depend  on  the  fora  of  the  nonlinearity,  since 
equations  (37)  apply  for  cubic  terns  only. 

The  corresponding  solutions  for  the  variables  p  and  r  are  found  to  be  of  the  fora 
P  ■  Pe  *dfCoa  4*p),  r  ■  re  +0  Po  co*4-i*r)  ,  where  the  anplitude  ration,  ap  *  «r  *  |r/v| 

and  phase  angles  *n,  cr  are  approxinately  independent  of  the  anplitude  of  v*.  This  approximation  ha 
found  to  be  Justified  for  syateas  with  nonlinearities  in  one  variable,  but  nay  not  be  valid  if  other 
nonlinearities  are  included. 

l8 

An  attenpt  has  been  aade  by  Simpson  to  apply  the  averaging  technique  directly  to  the  aianlt 
differential  equations  of  notion,  such  as  equations  (26),  (27)  and  (28),  without , reducing  the  equations  te 
one  variable.  This  net hod,  used  for  the  current  exaaple,  results  in  a  stability  deterainant. 


V.  +  3mt. 
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(38) 


The  expansion  of  the  deterainant  gives  a  stability  polyncnial  foru  ■  k+in,  via 

m3  +  [•1+3s3%2i  vV  ♦  D'1+3y,2i  b3a2]  CvV.2i  °3«2]  -  0  (») 

The  equations  (39)  and  (31 )  are  identical  only  for  k  ■  0,  ie  for  the  study  of  stability  boundaries,  and 
work  is  in  progress  to  study  the  rate  of  growth  of  liait  cycles,  given  by  k(o),  to  sea  Which  is  the  better 
approxiaation.  The  difference  in  the  equations  is  due,  in  effect,  to  neglecting  the  terns  arising  free 

(v3)  in  deriving  equation  (38).  Such  terns  are  implied  whan  the  stability  ilat ainlaasl  is  expanded  to 

give  the  stability  polynomial,  and  it  nay  be  possible  to  retain  then  by  extending  the  idea  of  a  differential 
operator  to  certain  classes  of  nonlinear  equations.  This  type  of  procedure  appears  to  be  required  for  the 
approximate  solution  of  equations  of  the  type  considered  in  Section  2.2,  equation  Xl8).  -She  second-order 
terns  do  not  contribute  directly  when  the  averaging  process  is  applied,  since  1  j  00 erg  dg  ■  0  ate. 

Thus  the  nonlinear  stability  detemlaaat,  for  notion  about  the  steady  state Jx «  esnlitude  venter  olsl 
is  found  to  be  f(x.  ♦  o,  0-)  -  pit  -  0  *  *  («9 

This  is  independent  of  the  aotual  anplitude,  defined  by  o,  (but  dependent  on  the  eaplltude  ratios) a  1  , 
and  so  does  not  appear  to  predict  nonlinear  character  is  tics,  where  u  is  a  function  of  o.  Xt  is  japed  to 
study  this  problea  in  future  work,  and  it  nay  be  noted  that  a  similar  approach*'  has  been  used  for  the 
determination  of  liait  cycles  in  multivariate  ay at  one,  is  when  equations  corresponding  to  (31)  and  (39) 
are  identical  is  fora  for  k  •  0. 


A  different  type  of  nonlinearity,  ti*  hysteresis,  to  likely  to  bo  noodod  to 
foreoo  and  ooonta  whoa  tho  airflow  io  separating  and  re-attaching  data  to  tha  varying  uplMio  of  __ 
roopoaao  variables,  particularly  angle  of  attack.  It  la  possible  to  evaluate  tha  integrals  involved  ia 
tho  averaging  proeoaa,  equations  (30),  far  aiaplo  foraa  of  hyatoraaia,  hat  tha  technique  haa  aet  boaa 
applied  to  problaaa  in  flight  dynamics  aa  yat. 

3  TM  n-TOffT  PCTAMIC8 

3*1  lateral  gaapoaaaa  with  Pubic  Nonlinearity  in  Hoqtnto  duo  to  Bldaalip 

She  mathematical  model  uoed  in  Section  2.3  wan  originally  developed  to  atudy  tha  wing-rook 
phenomenon!  but  it  haa  alao  demount  rated  acme  more  gaaerml  propertiea,  which  were  deaoribed  briefly  in 
Bef  6.  Variaua  nonlinear  phenomena  can  occur,  depending  on  tha  level  of  roll-damper  gearing,  L. 
a a  illustrated  in  Fig  1.  A  limit  cycle  occurs  for  timoU  values  of  Hr-  »«yi  for  email  disturbances,  bat 
larger  diaturbancea  lead  to  an  exponential  type  of  divergence.  With  increase  of  K«p  ,  the  limit  cycles 
do  not  occur,  and  the  response  after  a  small  initial  disturbance  is  a  damped  oscillation,  bat  a  larger 
initial  disturbance  leads  to  a  divergent  oscillation.  The  boundaries  shown  in  Fig  1  have  bean  derived 
using  tha  approximate  analysis  of  Section  2.3,  for  the  zero  equilibrium  state,  and  confirmed  by 
simulations  on  an  analogue  computer.  A  further  study  of  tha  responses  shout  noa-saro  equilibrium  states 
has  now  bean  completed  ,  and  the  relationship  between  the  results  from  local  linearisation  of  the 
equations  of  motion  and  from  the  approximate  nonlinear  analysis  haa  been  demonstrated. 
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Fig  1.  Characteristics  of  responses  with 
cubic  nonlinearities  in  sideslip 
and  a  roll-damper 


Boll  rate 


i  am 


\aa 


law  rata 


4  1 


m  i«  m  m  iw  m 
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Including  gravity  terms  ■■■ . .  1  ■— 

Neglecting  gravity  terms  .......... 

Fig  2.  Bffeet  of  gravity  terms  on  responses 


The  assumption  that  tha  gravity  terse  do  not  have  a  significant  effect  on  the  basic  stability 
parameters  has  been  ehown  to  he  Justified  by  computing  the  responses  using  the  complete  equations  of  actios 
given  in  aquations  (26),  (27)  and  (28).  The  gravity  terms  introduce  an  oscillation  of  constant  solitude, 
and  frequency  equal  to  the  aean  roll  rate  about  tha  equilibrium  states  as  shawm  in  Fig  2. 

Tha  linear  stability  boundaries,  obtained  for  gravity  tarns  neglected,  are  shewn  aa  daahad  limes 
on  Fig  3,  in  terms  of  the  bifurcation  line,  vh.  For  amnll  roll  damper  fencing,  L  ,  and  small 
equilibrium  state,  the  response  ia  a  divergent  oscillation  (unstable ,  Fig  Jn),  OhSh  baoemea  damped  when 
the  magnitude  of  the  equilibrium  state  is  increased  beyond  v..  At  higher  values  of  1^,  the  aoapaana 
about  small  equlllbrina  states  ia  stable,  but  increase  bsyuaa  v.  would  lead  to  n  divergent  caHUetlM. 

The  exponential  node  also  exhibits  aaro  doping,  (Fig  5b),  and  the  linear  hoamlarj ,  v.  ,  imdioataa  the 
■nplltude  of  tho  equilibrium  state  having  a  neutrally  stable  (constant)  mode.  * 


U)  Oscillator?  modes 
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(b)  exponential  mode 


Fig  3-  Comparison  of  linear  and  nonlinaar  stability  bomn dari»« 


The  nonlinear  analysis  gives  the  boundaries 
ahcwn  as  solid  lines  in  Fig  3  (replotted  fraa  Fig  1), 
and  for  this  analysis  about  the  zero  equilibrium 
state,  it  is  possible  to  include  the  gravity  terms. 

It  is  readily  seen  that  the  "critical"  amplitudes 
are  approximately  twice  those  obtained  from  the 
linear  analysis,  as  implied  by  equation  37, 

Computed  time  histories  confirm  this  relationship, 
for  the  divergences  shown  in  Fig  4a,  and  more  21 
convincingly  from  results  obtained  at  Cranfield 
in  Fig  4b  for  the  amplitude  of  the  limit  cycle 
about  different  equilibrium  states.  Thus  for  this 
type  of  nonlinearity,  (confined  to  one  state 
variable),  the  local  linearisation  technique  for 
responses  about  the  non-aero  equilibrium  state, 
and  the  nonlinear  analysis  of  responses  at  the  aero 
steady  state  give  related  information  in  terms  of 
critical  amplitudes  of  the  responses. 
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Fig  4.  Siapcasu  about  aon-saro 
equilibriem  states 


3.2  _ 

For  ncnl laser  ijiml  i  systems,  it  is  possltls  far  non-eero  equilibrium  states  to  exist  <d»lch  are 
lndapsodant  of  ooatrol  settings.  Zf  the  mathematisal  model  in  written  is  the  matrix  form  of  equations 
(13)  aad  08),  than  the  condition  for  these  autorotational  states  is 

U^>|  -  0. 

She  solution  of  the  detemlnmtal  equation  for  linear  sod  some  second-order  eerodyasnio  foroee  and  mummttm 
has  been  discussed  la  Section  2.1  aad  gives  the  auto-rotational  states  associated  with  inertia  arena 
coupling.  Linear  stability  analysis  about  these  states  determines  the  initial  type  at  response,  In 
particular  whether  a  stable  reeponeo  is  possible.  As  extensive  study  has  been  made  by  Ibtri*  for  three 
edreraft,  one  of  which  has  esoomd-order  derivatives  of  the  form  given  in  egrttat  the  notation 

of  Section  2.2,  the  aatrioee  defined  in  equations  (18)  to  (21 )  for  this  mathematical  nodal  erst 
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The  autorotational  atatee  satisfy  the  determinants!  equation 

|Ao  +  W|  "  °*  (W 

and  their  stability  la  given  by  the  roots  of  the  equation 

|Ao  *  A^x^)  ♦  Ag(j^)  -  ulj  m  0  (H) 

Thus,  autorotational  states  of  low  Magnitude  can  be  expected  to  have  near -aero  roots,  since  the  Matrix  A_(».) 
does  not  contain  roll  rate  (which  la  the  doainant  paraMeter) ,  and  so  does  not  affect  the  eigen  values 
of  the  Matrix  significantly. 

The  equilibria  states,  for  non-nero  control  ssttlngs,  have  •stability  eharaetsrlstios  defined 
by  equations  (22)  and  (23),  and  the  bifurcation  surfaces  with  taro  damping  can  be  expected  to  bo  near  any 
autorotational  states  of  snell  nagnitudes.  This  is  danonstratsd  in  Mehra's  results,  as  shoes  la  Fig  3a. 

She  autorotational  states  are  found  to  be  unstable  at  p  *  +180  /sac,  sad  stable  at  p  w  *400  /sso, 
whereas  the  bifurcation  surfaces  for  various  combination  of  control  settings  all  lie%ear  p.  ■  +100  /sec. 
The  control  laws  designed  by  Mehra  cannot  change  the  nagnitudes  of  the  autorotational  states,  and  the 
resulting  bifurcation  surfaces  ore  again  very  oloss  to  p.  ■  ♦180/seo  (fig  3b).  Sheas  characteristics 
are  thus  largely  independent  of  control  setting,  and  so  St  secss  advisable  in  future  work  to  investigate 
first  the  stability  eharaetsrlstios  as  functions  of  tbs  equilibrium  stats  variables,  and  than  check 
whether  critical  equilibrium  states  are  achievable  with  the  oomtrol  powers  available. 


(aJ  Basic  Aircraft  H  of  Hef  5 


(b}  With  aileron-rudder  interconnect 

fig  5.  daro  damping  of  linaar  sodas 
(Bifurcation  surfaces) 


The  ideas  suggested  by  Pinaker  for  a  unified  approach  to  the  determination  of  autorotatloaal 
rolling  and  spinning  states  can  be  applied  to  the  forms  of  mathematical  modal  discussed  in  Section  2.1, 
and  work  is  continuing  to  intrant igate  the  relative  accuracies  of  different  approximations.  Preliminary 
work  indicates  that  it  nay  he  possible  to  express  stability  criteria  in  tens  of  the  equilibrium  states 
for  some  of  the  usual  forms  of  aerodynamic  nonlinearity  occurring  at  very  high  angles  of  attack,  so  it  is 
hoped  to  explore  this  concept  further. 


I  *;«  v  >. • ;  1  >  y  rf.i  vi  y  '■ *  as  %  v  ;  *  v &J!  ■ 


A  research  prograane  is  in  progress  at  the  HAJr ,  using  wind-tunnel  and  free-flight  models  of  a 
research  configuration  to  provide  experimental  data  to  be  used  in  the  investigation  of  mathematical 
modelling  at  high  angles  of  attack.  Although  the  form  of  the  mathematical  model  is  not  being  restricted 
to  types  which  are  amenable  to  the  analysis  described  in  Section  2,  the  opportunity  is  being  taken  to  test 
various  approximations  for  the  prediction  of  flight  characteristics. 

The  research  configuration  is  shown  in  fig  6.  The  basic  research  programae  entails  tests  at  lorn 
speed,  but  the  design  of  the  model  has  also  been  influenced  by  the  need  for  satisfactory  characteristics 


fig  6.  Oeoaetry  of  the  High  Inoidenee  Research  Medal. 


at  transonic  speeds,  so  tha  wise  has  a  sodom  supercritical  section,  sad  plaafom  to  givg, gped 
pwfwsaH.  A  canard  configuration  was  choson,  being  typical  of  now  designs  for  high  performance,  fettt 
a  sopamte  tallplaae  was  retained  as  ths  aft  control  for  oaso  of  nanefastura.  A  single  fin  with  rndder 
was  siasd  to  give  adequate  dirootional  stability  at  nodorats  augjas  of  attack.  The  mmcrrt  and  ♦t4’1!*1**** 
surfaces  nay  both  ha  aoved  differentially  for  roll  control  and  sideforoe  control  if  r  a  fired. 
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Analysia  of  the  statlo  wind  tunnel  tests  is  nearing  oospletion  <  and  the  results  Indicate  that 
the  free- flight  nodels  should  be  controllable  up  to  «a30  with  a  staple  on-board  stability  sugnentatica 
eysten.  Hind-tunnel  teete  using  ths  oscillatory  rig  at  BAX  ham  been  oonpleted,  and  the  nodal  in  else 
being  used  on  the  rotary  rig  at  BAs  Wartoa.  Oirrent  work  ia  to  establish  nathenatioal  nodela  at  vmrlocm 
levels  of  approximation,  such  aa  linearised  aerodynanie  derivatives ,  then  nonlinear  static  characteristics 
due  to  engine  of  attack  and  sideslip,  then  nonlinear  rotary  charset eristics  due  to  roll  rate,  and  also  to 
establish  e  numerical  data  bans  for  representation  of  the  basic  results  froa  the  wind  tunnel  a  All  of 
these  aathsaatieal  nodels  will  be  used  to  predict  flight  behaviour,  obtaining  both  coaputed  responses  and 
calculated  stability  characteristics.  Ibis  information  will  than  ho  used  to  dealpi  various  active 
control  ay a teas,  sad  to  design  the  free-flight  experiments. 

The  free-flight  nodels  are  being  built  at  the  2,25  scale  of  the  definitive  wind-tunnel  nodal,  and 
it  is  planned  to  conduct  preliminary  trials  in  the  OK  later  ia  1982,  preparatory  to  the  aeia  series  of 
trials  to  be  conducted  in  the  OS  jointly  with  NASA  Dryden  in  19&3»  Several  types  of  control  inputs  will 
be  applied,  designed  to  give  responses  suitable  for  deriving  aerodynanie  data  using  parameter  identification 
techniques,  or  for  establishing  departure  boundaries,  or  for  demonstrating  spin  characteristics  and  spin 
recovery,  or  for  testing  the  active  control  eysten.  The  nodels  will  be  flown  initially  with  about  Jg 
static  stability,  but  a  relaxed  stability  syeten  will  also  be  tested  with  about  %  static  instability,  19 
to  and  beyond  departure  froa  controlled  flight.  there  should  also  be  sufficient  data  for  sons  analysis 
using  syeten  identification  techniques,  to  establish  the  form  of  aathsaatieal  nodal  needed  to  represent 
departure  characteristics  adequately.  The  predictions  using  nonlinear  mathematical  models  should  give 
some  insight  to  the  types  of  nonlinearity  which  need  to  be  represented  in  order  to  give  the  observed 
departure  characteristics,  and  so  provide  some  guidelines  for  the  system  identification. 

5  C0WC1QSI0NS 

The  application  of  two  analytical  techniques  developed  to  detemine  the  stability  characteristics 
of  nonlinear  equations  of  motion  of  aircraft  has  demonstrated  that  results  can  be  expressed  in  tame  of 
the  magnitudes  of  the  response  variables  for  sons  particular  problem.  The  stability  boundaries  are  thus 
not  directly  dependent  on  control  settings,  and  so  nay  be  interpreted  generally  for  all  types  of 
manoeuvres.  The  nonlinear  stability  boundaries  also  indicate  which  type  of  departure  may  be  encountered. 

A  research  programs  is  briefly  described,  which  will  provide  data  froa  wind-tunnel  and  free-flight 
experiments  to  be  used  in  the  prediction  and  analysis  of  nonlinear  phenomena  at  high  angles  of  attack. 
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SUMMARY 

The  flying  qualities  problems  of  the  latest  fighter- aircraft  are  most  often 
related  to  the  time  delay  which  is  introduced  into  the  flight  control  system  by  the 
advanced,  typically  complex,  control  system  design.  The  Intent  of  this  paper  is  to 
confirm  that  time  delay  has  a  significant  effect  on  fighter  flying  qualities,  both 
longitudinal  and  lateral.  Existing  flying  qualities  research  data  from  in-flight 
simulators  are  used  to  demonstrate  this  point.  Typical  sources  of  flight  control 
system  time  delay  and  the  methods  of  time  delay  "measurement"  are  reviewed.  Finally, 
the  application  of  several  candidate  flying  qualities  evaluation  criteria  or  require¬ 
ments,  which  are  applicable  to  highly  augmented  fighter  aircraft,  is  discussed. 

INTRODUCTION  AND  PURPOSE 

Fighter  aircraft  with  advanced  flight  control  systems  which  essentially  depend 
on  electrical  signals  to  communicate  the  pilot's  commands  to  the  control  surfaces  are  a 
reality.  Examples  are  the  F-16,  VP-17 ,  F-18,  Tornado  and  AFTI/F-16  aircraft.  For  today's 
advanced  fighter  aircraft,  the  capability  exists  to  tailor  flying  qualities  for  diverse 
mission  tasks  through  use  of  high-authority  electronic  augmentation  systems.  Unfortu¬ 
nately,  the  potential  of  this  expanded  technical  capability  has  not  been  realised  -  in 
fact,  new  flying  qualities  problems  have  often  been  created  in  the  process  of  solving 
the  old  ones. 

These  new  flying  qualities  problems  are  most  often  related  to  the  aircraft's 
initial  delay  in  response  to  a  pilot  input.  This  delay  is  Introduced  by  the  advanced, 
and  typically  overly  complex,  flight  control  system  design.  The  source  of  these  time 
delays  can  be  from  the  higher  order  complexity  of  the  flight  control  system  design  or, 
in  the  case  of  digital  systems,  the  inherent  digital  time  delays.  Digital  flight  control 
systems  tend  to  be  the  worst  offenders  since  the  power  of  the  computer  unfortunately 
encourages  the  design  of  very  complex  control  systems.  For  fighter  aircraft,  even  appar¬ 
ently  small  time  delays  can  cause  a  dramatic  degradation  in  flying  qualities  for  precision 
tasks. 

The  purposes  of  this  paper  are  to: 

e  Review  the  sources  of  time  delay  in  typical  fighter  flight  control 
system  designs  and  discuss  the  various  methods  which  are  used  to 
"measure"  the  initial  delay  to  a  pilot  input. 

e  Confirm  the  fact  that  time  delay,  either  pure  or  equivalent  tine 
delay,  is  a  significant  flying  qualities  parameter. 

Evidence  for  this  point  is  drawn  from  pertinent  fighter  flying 
qualities  research  data  which  includes  longitudinal  and  lateral 
flying  qualities  data  for  fighter  precision  tracking  (Flight  Phase 
Category  A)  and  landing  (Category  C)  tasks. 

e  Discuss  the  available  design  criteria  or  specifications  with  which 
the  effects  of  control  system  tins  delay  on  fighter  flying  qualities 
can  be  evaluated.  In  particular,  the  importance  of  relying  only  on 
data  for  realistic  "highly  stressed"  precision  tasks  is  emphasised. 

WHAT  IS  A  TIME  DELAY? 

The  pilot  of  any  aircraft,  but  particularly  the  pilot  of  a  fighter  performing 
precision  tasks,  wants  a  response  to  his  stick  input  immediately.  Any  delay  in  the 
response  to  his  input  detracts  from  his  ability  to  perform  the  task;  it  Interferes  with 
his  ability  to  coordinate  instinctively  his  brain  (desired  response),  hand,  and  the 
observed  aircraft  response.  His  tolerance  to  delay  in  the  response  to  his  input  has 
limits,  particularly  for  precision  tasks  such  as  tracking,  refueling,  formation,  and 
landing. 

Modern  fighter  aircraft  with  advanced  electronic  flight  control  systems  are 
especially  vulnerable  to  problems  related  to  excessive  time  delay  which  can  cause  serious 
flying  qualities  problems.  This  time  delay  can  coma  from  a  variety  of  sources  in  the 
typical  advanced  flight  control  system . 


The  NT-33  aircraft  research  work  used  in  this  paper  was  supported  under  contract  by  the 
United  States  Air  Force  Flight  Dynamics  Laboratory,  Wrlght-Patterson  Air  Force  Baas, 
Ohio. 


daisy  of  today  a  fighter  aircraft  to  pilot  comnands  la  not ,  however,  due  aolely  to  pure 
time  dalaya.  Additional  delay  In  the  aircraft's  response  occurs  from  sources .which  do 
not,  by  definition,  exhibit  pure  time  delays.  The  pilot  is,  of  course,  concerned  with 
the  overall  delay  of  his  input  which  is  the  sum  of  any  pure  time  delay  and  the  "equivalent" 
tima  delay  from  other  sources.  There  are  three  sources  of  time  delay  which  are  the  primary 
contributors  to  tha  total  delay  exhibited  in  the  initial  response  of  today's  aircraft  to 
pilot  inputs. 

e  Digital  Computational  Delay: 

It  is  a  source  of  pure  time  delay  in  flight  control  applications 
and  represents  a  potential  penalty  to  attain  the  advantages  of  the 
digital  system;  in  general,  this  contribution  to  the  overall  delay 
is  not  significant. 

e  Sampling  Delay : 

It  is  a  part  of  a  digital  flight  control  system  where  the  system 
input  and  response  data  must  be  sampled.  The  amount  of  pure  time 
delay  associated  with  this  source  is  a  function  of  the  sampling 
rate  and  the  time  that  the  input  is  made .  Typically  the  delay  is 
assumed  to  be  one-half  the  sampling  interval  (Reference  1) .  The 
differences  between  sampling  rate  delays  and  computational  (pure) 
time  delay  are  graphically  illustrated  in  Figure  1. 

e  High  Order  System  Equivalent  Delay: 

It  is  the  consequence  of  cascading  dynamic  elements  in  the  flight 
control  system  and  is  the  major  cause  of  control  system  time  delay. 

These  elements  may  be  related  to  the  required  filtering  or  to  the 
design  strategy  of  the  flight  control  system. 

As  a  simple  example,  the  response  of  a  first-order  lag  filter  to  a 
step  input  is  shown  in  Figure  2.  Note  that  the  response  does  not 
exhibit  any  time  delay;  however,  cascading  two  first-order  lag 
filters  creates  a  finite  time  delay.  Thus  the  addition  of  a  first- 
order  prefilter  (and  associated  phase  lag)  can  add  time  delay  to  a 
control  system  even  though  the  element  itself  does  not  exhibit  pure 
time  delay. 

This  last  source  of  delay  is  often  referred  to  as  "equivalent"  time  delay. 

While  this  modifier  is  descriptive,  it  is  necessary  to  specify  how  the  equivalent  time 
delay  is  "measured".  A  review  of  the  techniques  typically  used  to  measure  time  delay 
is  therefore  in  order. 

"Measures"  of  Time  Delay 

e  Visual  Time  Delay 

Visual,  or  "eyeball"  time  delay  is  the  period  of  time  for  which  the  response  to 
an  input  is  essentially  zero.  For  example,  the  delay  in  the  response  for  the  cascaded 
system  in  Figure  2  is  obvious .  In  reality,  the  period  of  time  during  which  responses  are 
below  the  pilot's  threshold  of  perception  can  be  viewed  as  time  delay.  However,  the 
measure  of  this  visual  time  delay  is  not  very  precise  since  it  is  a  function  of  tha  size 
of  the  input  and  the  scale  of  the  time  history.  It  is,  therefore,  not  a  very  useful 
method  of  characterizing  the  overall  time  delay  of  a  control  system. 

e  Equivalent  Time  Delay 

The  equivalent  time  delay  of  the  flight  control  system  can  be  "measured"  by 
matching  the  frequency  response  of  the  complex  system  over  a  specific  frequency  renge 
with  a  classic  low  order  model.  A  simplified  exanqtle  is  illustrated  in  Figure  3.  For 
example,  the  constant  speed  pitch  rate  response  low  order  model  is: 

-V  *fbs  f*+i/Te2r; 
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Where  rgs  is  the  pilot  pitch  force  input, 

Tg  is  the  control  system  equivalent  time  delay, 

"g,  3/t#2  are  the  equivalent  short  period  and  l/r( 

parameters,  and 

Jf,  is  the  pitch  control  sensitivity. 


Thus,  ths  more  complex  pitch  rate  response  of  an  advanced  aircraft  is  reduced 
to  a  "classic"  low  order  form  using  a  parameter  optimization  process  across  a  frequency 
range  of  interest.  In  this  fashion,  the  equivalent  control  systam  time  daisy  is  measured 
(see  References  2,  3  and  4  for  details) .  A  cost  function  is  calculated  to  gauge  the 
"goodness  of  fit"  or  degree  of  mismatch  between  the  actual  and  low  order  model.  To 
extract  this  measure  s  frequency  response  of  the  system  is  required;  these  data  can  be 
obtained  rather  precisely  by  judiciously  perturbing  the  aircraft  at  discrete  frequencies 
using  automatic  sine  wave  inputs  (Reference  5) .  Alternatively,  the  application  of  Fast 
Fourier  Transformations  to  flight  data  generated  by  a  variable  frequency  sine  wave-type 
inputs  has  been  proposed  for  military  specification  compliance  (Reference  6) .  This 
equivalent  time  delay  is  a  measure  of  the  delay  from  pilot  input  to  aircraft  response. 

Since  the  model  assumed  has  no  initial  response  delay,  the  equivalent  delay  is  also  a 
measure  of  the  delay  from  pilot  input  to  the  control  surface.  Equivalent  systems  match¬ 
ing  of  control  system  elements  alone  has  also  been  performed  (Reference  7) . 

Flight  control  system  elements  with  natural  frequencies  significantly  higher 
than  the  dominant  airframe  natural  frequencies  introduce  only  phase  distortion  and  produce 
time  delay  without  affecting  the  equivalent  frequency  of  the  response.  The  effect  of  low 
frequency  elements  is  to  distort  both  the  phase  and  amplitude  in  the  frequency  range  of 
Interest  and  both  equl valent  delay  and  frequency  are  affected. 

•  Effective  Time  Delay: 

Effective  (to  distinguish  from  equivalent)  time  delay  is  derived  directly  from 
a  time  history  response  by  the  maximum  slope  intercept  method.  This  measure  is  the  differ¬ 
ence  in  time  between  the  application  of  a  step  input  and  the  intersection  of  the  maximum 
slope  tangent  to  the  response  (Figure  4) .  The  effective  time  delay  measure  (Reference  8 
to  10)  does  not  require  an  assumed  low  order  model  but  the  value  of  delay  calculated  is  a 
direct  function  of  how  the  initial  response  differs  from  a  pure  first-order  lag-type  time 
response. 

Comparison  of  Time  Delay  "Measures" 

For  flight  control  systems  with  high  frequency  dynamic  elements,  the  time  delay 
measured  using  either  the  maximum  slope  method  (time  domain)  or  the  equivalent  system 
method  (frequency  domain)  are  essentially  the  same.  The  two  methods,  however,  produce 
different  time  delay  measures  when  low  frequency  dynamic  elements  are  present  in  the 
flight  control  system. 

Since  today's  fighter  aircraft  have  flight  control  system  designs  which  can  have 
both  high  and  low  frequency  dynamic  elements ,  the  measures  made  by  the  two  techniques  are 
not  typically  Interchangeable.  Flying  qualities  design  guidelines  or  specifications  based 
on  time  delay  measures  must  therefore  be  applied  with  this  caution  in  mind.  The  time 
delay  measurement  technique  must  be  clearly  specified.  To  illustrate  these  points  consider 
Configuration  5-3  and  5-3F1  from  the  NT-33  Lateral  Higher  Order  System  (LATHOS)  program 
(Reference  10) . 

The  simplified  roll  rate  to  roll  stick  force  transfer  functions  of  interest  are: 

,  ,  _g_  _ WrAS*n _ 
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where  is  the  steady  state  roll  rate  per  pound 


Each  configuration  transfer  function  also  included  a  60  rad/sec  second  order 
actuator  and  a  200  rad/sec  first  order  system  filter  which  are  not  shown  for  clarity  but 
which  are  Included  in  the  time  histories  and  time  delay  calculations  in  Figures  5  and  6. 
The  only  difference  between  the  two  configurations  was  the  increase  in  the  roll  prefilter 
time  constant  from  .025  to  .10  sec.  The  new  prefilter  smoothed  the  Initially  abrupt  roll 
response  of  5-3  (Pilot  Rating,  PR  -  7)  and  produced  a  satisfactory  aircraft  (PR  -  3  for 
5-3F1). 

For  Configuration  5-3  in  which  the  control  system  dynamic  elements  are  all 
essentially  high  frequency,  the  calculated  time  delay  and  roll  mode  time  constant  are 
nearly  Identical  by  both  methods  (Figure  5) . 

For  Configuration  5-3F1  in  which  the  prefilter  affects  both  the  phase  and 
amplitude  in  the  frequency  range  near  that  of  the  airframe  roll  mode  time  constant,  the 
time  delay  is  appreciably  different  from  the  two  methods  (Figure  6) .  Note  that  the 
equivalent  or  effective  roll  mode  time  constant  has  changed  due  to  the  prefilter.  In 
this  case,  the  flying  qualities  cannot  be  related  to  the  time  delay  increase  alone  since 
the  transient  response  of  the  aircraft  has  also  been  changed.  More  details  on  the  extrac¬ 
tion  and  interpretation  of  these  parameters  are  presented  in  the  major  section  on  Evalua¬ 
tion  Criteria. 


EFFECTS  OF  TIME  DELAY  ON  LONGITUDINAL  FLYING  QUALITIES 


The  purpose  of  this  section  is  to  confirm  that  control  system  time  delay  can 
have  a  significant  effect  on  fighter  longitudinal  flying  qualities  for  both  Flight  Phase 
Category  A  (tracking)  and  C  (landing)  tasks.  Substantiating  data  are  drawn, from  recent 
Hying  qualities  research  programs  using  the  USAF  NT-33  research  aircraft  operated  by 
Calspan  and  the  NASA  Digital  Fly-by-Wlre  (DFBW)  F-8  aircraft.  These  data  are  specific 
to  fighter  aircraft  performing  realistic  precision  fighter  tasks.  The  criticality  of. 
the  task  In  the  evaluation  of  aircraft  with  control  system  delays  is  discussed  further 
in  a  separate  major  section. 

Approach  and  Landing  Tasks  (Category  C) 

The  effect  on  flying  qualities  of  adding  delay  to  the  pitch  control  system  of 
an  otherwise  good  aircraft  is  illustrated  in  Figure  7.  Sources  of  the  data  on  the  figure 

are: 


e  NT- 33  Landing  Approach  Higher  Order  System  (LAHOS)  Program  (Reference  11) 

and  McDonnell -Doug las  "McFit"  equivalent  system  parameters  for  the  data 
(Reference  12) , 

e  NT-33  Equivalent  System  Program  (ESP)  (Reference  13) , 

•  NT-33  PIO  Suppressor  Program  (PIOS)  (Reference  14), 

e  F-8  Approach  and  Landing  Program  (Reference  15) . 


For  the  first  NT- 33  program  (Reference  11),  the  additional  delay  was  in  the 
form  of  higher  order  dynamic  elements  for  which  the  equivalent  delay  was  "measured"  using 
the  "McFit"  frequency  domain  method  (Reference  2).  For  the  cases  selected,  essentially 
the  same  time  delays  would  be  extracted  by  the  maximum  slope  method.  The  other  NT-33 
programs  (References  13  and  14)  utilized  a  combination  of  pure  and  equivalent  time  delay; 
the  total  of  the  two  delay  sources  is  used  in  Figure  7.  Finally,  the  data  from  the  F-8 
is  based  on  the  addition  of  pure  digital  time  delay  beyond  a  threshold  basic  value  of 
130  milliseconds  (ms) .  In  each  case  the  equivalent  delay  includes  all  the  delay  of  the 
control  system  elements.  The  constant  speed  pitch  rate  transfer  function  is  of  the  form: 


%S  (e+1/XB,  > 


where,  FES  is  the  pilot  pitch  force  input, 

rg  is  the  total  equivalent  control  system  time  delay; 

the  values  of  CB  and  u>„  are  essentially  constant 
for  Level  1  for  each  set  of  data  and  i/t  is  the 
actual  aircraft  value,  and  92 

H v  is  the  pitch  control  sensitivity. 
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Sumnary  observations  from  the  longitudinal  approach  and  landing  task  data  are: 

e  Equivalent  time  delay  greater  than  a  threshold  of  approximately  130  ms 
significantly  degrades  longitudinal  flying  qualities . 

e  The  flying  qualities  pilot  rating  degradation,  considering  all  the  data 
used,  is  approximately  1  PR  for  25  ms  of  equivalent  time  delay. 

e  Degradation  is  similar  whether  the  source  of  delay  is  pure  time  delay 
or  equivalent  delay  from  higher  order  control  system  elements  or  some 
combination  of  the  two  delay  sources . 

e  The  results  from  the  LAHOS  program  (Reference  11)  for  the  very  low  short 
period  damping  ratio  cases  is  also  of  particular  interest.  For  the  low 
damping  ratio  cases  without  initial  delay,  the  pilot  was  able  to  land 
without  any  Pilot  Induced  Oscillation  (PIO)  problems.  Even  though  the 
overall  response  was  poor,  he  was  able  to  develop  a  consistent  control 
strategy  because  the  response  to  his  input  was  immediate.  With  time 
delay  present  in  an  aircraft,  the  tie  between  input  and  response  is 
broken  which  can  lead  to  overcontrol  and  PIO's  in  precision  tasks. 

Tracking  and  Formation  Tasks  (Category  A) 

Unfortunately,  a  data  base  similar  to  that  used  for  the  pitch  approach  and 
landing  time  delay  discussion  does  not  exist.  Either  the  Incremental  equivalent  time 
delay  was  added  in  a  fashion  which  also  changed  the  equivalent  short  period  frequency 
significantly  or  precision  tracking  tasks  were  not  performed. 

Data  eourcee  from  which  some  insight  can  be  gained  are: 

•  NT-33  Neal-Smith  Program  (Reference  16) , 

e  F-8  Formation  Data  (Reference  15) . 


For  the  Naal-Smith  program,  the  additional  delay  was  created  by  cascading 
dynamic  elements.  Equivalent  system  parameters,  including  an  equivalent  time  delay,  t_, 
can  be  extracted  from  the  data  base  using  the  "McFit"  approach.  Unfortunately,  the 
additional  control  system  dynamics  typically  added  an  equivalent  time  delay  and  changed 
the  equivalent  short  period  frequency.  Therefore,  for  this  data  source,  the  effect  of 
time  delay  alone  caimot  be  easily  isolated. 

Hodgkinson  in  Reference  2  used  regression  analysis  to  correlate  the  Neal-Smith 

?ilot  rating  data  and  calculate  a  sensitivity  to  equivalent  time  delay  of  approximately 
PR  degradation  oer  SO  ms  of  delay.  Using  the  data  presented  in  Reference  o  where  the 
Neal-Smith  data  were  correlated  using  equivalent  time  delay  and  bandwidth  frequency, 
estimates  of  pilot  rating  sensitivity  to  time  delay  of  1  PR  per  25-30  ms  can  be  made 
using  some  imagination. 

The  results  from  the  time  delay  studies  using  the  NASA  DFBW  F-8  aircraft 
performing  precision  formation  tasks  indicated  that  the  sensitivity  to  time  delay  beyond 
a  threshold  of  130  ms  was  1  PR  degradation  per  40  ms  of  delay.  Investigations  of  time 
delay  effects  on  fighter  lateral  flying  qualities  (Reference  10)  showed  that  the  target 
tracking' task  was  significantly  more  demanding  than  the  formation  task.  On  this  basis, 
it  might  be  expected  that  a  study  using  a  real  pitch  tracking  task  would  produce  a 
steeper  flying  qualities  degradation  with  time  delay  which  is  closer  to  the  approach 
and  landing  pitch  task  results. 

Summary  observations  from  these  limited  longitudinal  tracking  and  formation 
task  data  are: 

e  Equivalent  time  delay  greater  than  a  threshold  of  approximately 
130  ms  significantly  degrades  pitch  flying  qualities . 

s  The  flying  qualities  degradation,  which  can  only  be  estimated 
from  the  data  available,  is  approximately  1  PR  per  30  ms  of 
equivalent  time  delay.  It  is  therefore  estimated  to  be 
approximately  the  same  for  both  A  and  C  Flight  Phase  Category 
tasks .  More  data  are ,  however ,  required  for  fighter  tracking 
tasks . 

EFFECTS  OF'  TIME  DELAY  ON  LATERAL  FLYING  QUALITIES 

The  purpose  of  this  section  is  to  confirm  that  control  system  time  delay  can 
have  a  significant  effect  on  fighter  lateral  flying  qualities  for  both  Flight  Phase 
Category  A  (tracking)  and  C  (landing)  tasks.  Data  for  this  confirmation  is  drawn  from 
a  recent  flying  qualities  research  program  using  the  USAF  NT- 33  aircraft  which  was 
specific  to  fighter  aircraft  performing  realistic  precision  fighter  tasks. 

Approach  and  Landing  Tasks  (Category  C) 

>. 

The  effect  on  flying  qualities  of  adding  delay  to  the  lateral  control  system 
of  an  otherwise  good  aircraft  Is  illustrated  in  Figure  8.  Source  of  the  data  on  the 
figure  is: 

e  NT- 33  Lateral  Higher  Order  System  (LATHOS)  Program  (Reference  10) . 

In  this  program,  a  combination  of  pure  and  equivalent  time  delay  was  system¬ 
atically  added  to  the  lateral  flight  control  system;  the  total  delay  is  used  in  Figure  8. 
The  equivalent  delay  portion  would  be  "measured"  as  the  same  value  using  either  the 
"McFit"  or  maximum  slope  methods.  Assuming  the  Dutch  roll  mode  is  effectively  cancelled 
and  the  spiral  is  neutral,  the  roll  rate  to  roll  stick  force  transfer  function  is  of  the 
form: 


Where ,  P ^  is  the  pilot  force  input , 

t5  Is  the  total  equivalent  control  system  time  delay,  and  the 
value  of  Tr  the  equivalent  roll  mode  time  constant,  are 
'  essentially  ^constant  and  Level  1  for  the  data  sat,  and 

18  the  roll  control  sensitivity. 

Summary  observations  from  this  limited  lateral  approach  and  landing  task  data 

e  Equivalent  time  delay  greater  than  a  threshold  of  approximately  120  ms 
significantly  degrades  lateral  flying  qualities . 

•  Th*  qualities  degradation,  considering  all  the  data  is  estimated 

to  be  1  PR  per  30  ms  of  equivalent  delay. 

e  The  trends  exhibited  ars  similar  to  the  longitudinal  results  for  tits 
approach  and  landing  task. 

•  The  data  base  for  this  flight  phase  is  small;  mors  data  are  required . 


Other  data  in  Reference  13  show  a  such  greater  tolerance  for  lateral  tine  ■ 
delay  than  indicated  by  the  data  in  Figure  8.  A  tine  delay  threshold  of  approximately 
220  ma  is  reflected  by  the  Reference  13  data;  the  degradation  rate  is  similar  to  that 
of  Figure  8  beyond  the  threshold.  The  data  in  Figure  8  were  obtained  using  eery  real¬ 
istic  aggressive  fighter  offset  landing  tasks.  It  is  hypothesized  that  the  somewhat 
less  aggressive  task  used  in  the  admittedly  preliminary  research  program  of  Reference  13 
may  be  the  source  of  this  large  difference  in  delay  threshold  value. 

Tracking.  Refueling  and  Formation  Tasks  ( Category  A) 

The  effect  on  the  flying  qualities  of  an  otherwise  good  aircraft  of  adding 
delay  to  the  roll  control  system  is  also  illustrated  in  Figure  8.  Source  of  the  data 
on  the  figure  is: 

e  NT- 33  Lateral  Higher  Order  System  (LATBOS)  Program  (Reference  10). 

The  same  ground  rules  for  the  data  described  in  the  last  subsection  apply  to 
this  discussion.  Tasks  for  this  flight  phase  in  the  experiment  included  actual  tracking, 
refueling  and  formation  tasks .  The  data  base  gathered  during  this  program  was  more 
extensive  than  shown  in  Figure  8  and  also  included  a  study  of  the  effects  of  combinations 
of  low-frequency  prefilter  and  equivalent  time  delay.  These  data  are  discussed  in  the 
major  section  addressing  flying  qualities  evaluation  criteria;  the  results  used  in 
Figure  8  are  restricted  to  the  effects  of  time  delay  alone  on  an  otherwise  good  aircraft. 

Summary  observations  from  these  limited  tracking  task  data  are: 

•  The  same  threshold  and  degradation  trend  shown  for  the  lateral  approach 
and  landing  data  can  be  estimated. 

This  brief  review  of  pertinent  fighter  flying  qualities  data  has  confirmed 
that  control  system  delay,  in  the  form  of  pure  transport  delay  or  an  equivalent  delay 
from  cascaded  high  frequency  elements,  is  a  very  significant  flying  qualities  parameter. 
Obviously,  the  overall  flying  qualities  of  a  fighter  aircraft  are  related  to  many 
parameters  not  just  time  delay. 

Before  the  candidate  methods  for  evaluating  the  flying  qualities  of  fighter 
aircraft  with  advanced,  complex,  delay-prone  flight  control  systems  are  discussed,  it  is 
important  to  review  the  effects  of  task  on  the  evaluation  of  these  aircraft. 

TIME  DELAY,  PILOT  TECHNIQUE,  AND  THE  TASK 

The  evaluation  of  highly  augmented  fighter  aircraft  with  appreciable  time  delay 
in  the  Initial  control  surface  response  to  a  pilot  input  is  very  much  a  function  of  pilot 
techniaue  and  the  degree  of  precision  demanded  by  the  task.  For  example,  the  flying  quali¬ 
ties  of  an  aircraft  with  appreciable  initial  delay  may  be  satisfactory  for  the  approach 
phase  of  the  landing  task  hut  deteriorate  dramatically  near  touchdown  as  the  required 
task  precision  increases. 

The  results  from  the  NASA  F-8  research  program  (Reference  15)  clearly  illustrete 
the  significant  effect  of  task  performance  standard  on  the  flying  qualities  effects  of 
pitch  time  delay  (Figure  9) . 

e  For  the  high  stress  pitch  landing  task,  which  included  a  lateral  offset 
maneuver  and  a  specific  touchdown  zone,  the  degradation  in  PR  is  much 
steeper  than  for  the  low  stress  task.  Also  shown  on  Figure  9  are  the  NT- 33 
data  (Reference  11)  for  a  similar  task  which  correlates  well  with  the  F-8 
high  stress  data. 

e  The  low  stress  task  involved  a  straight- in  approach  with  no  touchdown 
zone  constraints;  the  data  trends  are  similar  to  those  obtained  in  a 
sophisticated  fixed  base  simulator  using  the  task  and  configurations 
from  the  NT- 33  program  reported  in  Reference  11. 

e  An  Important  point  to  be  made  is  that  realistic  stress  levels  cannot 
be  properly  replicated  in  ground  based  simulators.  Flying  qualities 
evaluations  of  aircraft  with  complex,  delayed  responses  to  pilot  inputs 
cannot,  therefore,  be  reliably  conducted  on  ground  simulators. 


The  effect  of  pilot  technique  on  the  evaluation  of  fighter  aircraft  with  sig¬ 
nificant  control  system  time  delay  can  best  be  illustrated  using  an  excerpt  from  the 
discussion  of  the  results  in  Reference  13,  the  NT-33  approach  and  landing  program  to 
study  equivalent  systems. 

"Previous  flying  qualities  studies  (References  11  and  17,  for  example)  have 
indicated  that,  for  aircraft  with  significant  control  system  dynamics ,  small  variations 
in  pilot  technique  or  task  performance  standard  can  result  in  dramatic  variations  in  the 
pilot  rating  data.  These  aircraft  have  been  appropriately  described  as  having  lurking 
'flying  qualities  cliffs'.  The  results  from  this  experiment  also  have  examples  of  sig¬ 
nificant  variations  in  rating  between  evaluation  pilots.  Before  any  attempt  is  made  to 
analyze  the  data,  the  following  Information  should  be  considered. 


Pilot  A,  who  was  the  primacy  evaluation  pilot  fox  tike  overall  program,  worked 
very  hard  to  maintain  a  constant  standard  of  task  performance  despite,  in  soma  eases, 
the  obviously  poor  flying  qualities  of  a  particular  configuration.  Bis  flying  technique 
was  observed  to  be  representative  of  typical  fighter  pilots.  In  oontrast,  the  other 
main  evaluation  pilot.  Pilot  B,  sometimes  demonstrated  very  specialised  pilot  techniques 
when  flying  PIO  prone  aircraft.  He  is  an  exceptionally  smooth  and  predictive  pilot. 

However,  when  'backed  Into  a  task  corner',  i.e.,  when  he  got  into  a  situation  where  he 
couldn't  use  his  adaptive  technique,  his  performance  was  similar  to  that  of  Pilot  A  who 
tended  to  fly  in  a  more  continuous  closed- loop  fashion. 

Consider  Pilot  B's  evaluation  of  Configuration  P12  (Pit.  2073):  This  evalua¬ 
tion  is  a  classic  example  of  the  problems  Involved  in  flying  qualities  evaluations  of 
marginal  highly  augmented  aircraft.  Special  techniques  or  task  conditions  can  allow  the 
aircraft  to  'pass'  the  evaluation  but,  when  exposed  to  the  real  world  environment  end 
placed  in  the  hands  of  an  'average'  pilot,  the  'failure'  can  be  disastrous.  During  the 
evaluation  in  question.  Pilot  B  flew  the  first  two  landings  with  no  real  difficulty  , 

apparent  -  he  was  able  to  preplan  his  task  and  fly  smoothly  and  predictive ly .  On  the  ] 

-bird  approach  he  inadvertently  allowed  the  sink  rate  to  get  too  high,  too  close  to  the 
ground;  urgent  action  was  required  to  prevent  a  very  hard  landing.  The  result:  a  full 
stall,  10  reet  above  the  runway  -  he  overcontrolled  badly  because  of  the  large  time  delay 
in  the  pitch  control  system.  When  forced  into  a  tight  task  his  performance  was  the  seme 
as  Pilot  A  who  had  rated  the  configuration  a  9. 

Unfortunately,  he  blamed  himself  not  the  evaluation  aircraft  and,  after  flying 
another  approach  and  landing  in  which  he  was  able  to  return  to  his  predictive  landing 
technique,  he  gave  the  aircraft  a  5  rating.” 

These  flying  qualities  research  examples  illustrate  that  the  evaluation  of 
today's  fighter  aircraft  with  complex,  delay-prone,  flight  control  systems  is  not  easy. 

The  task  and  the  standard  of  performance  used  in  the  task,  as  well  as  the  technique  of 
the  pilot,  are  critical  factors;  careful  control  of  these  factors  are  necessary  for  a 
valid  evaluation. 

Examples  from  specific  aircraft  development  programs  also  demonstrate  these 

points . 

a  F-18A:  Initial  design  proved  to  be  PXO-prone  at  touchdown  due  to 

excessive  initial  time  delay  in  pitch  (Reference  17) ;  these 
flying  qualities  problems  were  only  exposed  when  evaluated  in 
the  high  stress ,  realistic  environment  provided  by  an  in-flight 
simulator. 

e  Tornado:  Serious  pitch  landing  flying  qualities  problems  were  exposed 

mid-way  through  the  real  aircraft  flight  test  program  (Reference 
18) ;  pilot  technique  and  task  conditions  exposed  a  "cliff"  which 
was  related  to  excessive  initial  pitch  time  delay. 

e  YF-17 :  A  serious  pitch- landing  PIO  problem  was  exposed  on  the  NT-33  in¬ 

flight  simulator  Which  was  not  evident  during  ground  based 
simulator  evaluations  (Reference  19) .  The  cause  of  the  problem 
was  excessive  initial  delay  introduced  by  a  low  frequency  prefilter. 

e  Space  Shuttle:  Although  clearly  not  a  fighter  aircraft,  the  results  of  the 
Initial  free-flight  tests  (Reference  20)  are  pertinent  to  this 
discussion.  Serious  pitch  PIO  problems,  caused  in  part  by  excessive 
initial  response  delay,  emerged  when  the  task  became  more  stringent. 

The  problems  occurred  on  the  last  pre flight  test  where  the  task  was 
to  land  on  a  real  runway  rather  than  the  huge  lake  bed  landing  site 
used  in  the  first  four  tests. 

In  suamary,  we  have  confirmed  that  time  delay  is  a  critical  factor  in  fighter 
flying  qualities  and  established  that  valid  evaluations  require  careful  attention  to 
the  task  details  and  pilot  technique.  Potential  flying  qualities  evaluation  criteria 
which  are  applicable  to  fighter  aircraft  with  complex,  delay-prone,  flight  control 
systems  are  reviewed  in  the  next  section. 

FLYING  QUALITIES  EVALUATION  CRITERIA 


For  typical  advanced  fighter  digital  /light  control  designs,  the  initial 
response  delay  is  made  up  of  a  combination  of  pure  transport  tine  delay  and  equivalent 
or  effective  (depending  on  the  "measurement"  method)  time  delay.  The  additional  oontxel 
system  dynamics,  or  high  order  dynamics,  consist  of  both  high  and  low  frequency  elements. 
High  frequency  elements  (high  relative  to  the  frequency  of  the  principal  short-term  re-  - 
snonse  node)  introduce  time  delay  but  do  not  change  the  response  shape;  low  frequency 
elements  contribute  time  delay  (phase  distortion)  and  change  the  shape  of  the  response 
(amplitude  distortion) . 

A  flying  qualities  requirement  or  design  criteria  must,  therefore,  deal  with 
the  effect  of  the  flight  control  sys tea  on  the  overall  alreraft  response  to  a  pitot  input. 
The  dimensions  of  the  criterion  must  Include  both  the  time  delay  (pure  and  equivalent) 
and  tha  important  equivalent  aircraft  response  parameters. 
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The  purpose  of  this  section  is  to  consent  on  several  existing  flying  qualities 
evaluation  criteria  or  requireaents  applicable  to  aircraft  with  tine  daisy  ana,  in 
particular,  to  present  the  time  history  criterion  fron  the  NT-33  Lateral  Higher  Order 
System  Program  (Reference  10) . 

U.S.  Military  Flying  Qualities  Specification.  MIL-F-8785C  (Reference  21) 

The  present  military  flying  qualities  specification,  MIL-F-8785C,  addresses 
the  evaluation  of  highly  augmented  fighter  aircraft  through  the  equivalent  system  method. 
Unfortunately,  the  type  of  equivalent  system  matching  process  is  not  specified,  which 
diminishes  the  usefulness  of  the  specification.  Tims  delay  is  addressed  through  specific 
allowable  delay  values  and  Indirectly  through  a  requirement  which  limits  the  control  eye tan 
surface  phase  lag  at  particular  equivalent  frequencies.  Again,  the  lade  of  suitable  defini¬ 
tions  for  the  equivalent  delay  measurement  leaves  the  requirement  somewhat  ineffective . 

The  preliminary  suggested  revisions  of  KIL-F-8785C,  the  Mil  Handbook-Handling 
Qualities  of  Piloted  Airplanes  (Dec.  1981),  attempts  to  rectify  some  of  these  deficiencies. 
The  equivalent  system  method  to  be  used  is  specified  in  detail  and  specific  boundaries  are 
placed  on  equivalent  time  delay.  Existing  short-period  frequency  or  roll  mo da  time  constant 
boundaries  are  used  to  evaluate  the  equivalent  parameters.  This  arrangement  is  an  improve¬ 
ment  but  the  lateral  axis  time  delay  boundaries  are  not  yet  defined  in  the  document. 

An  alternate  longitudinal  requirement  proposed  in  the  handbook  uses  equivalent 
time  delay  and  a  new  parameter,  open-loop  bandwidth,  to  define  flying  qualities  boundaries. 
The  criterion  (Reference  6)  uses  an  estimate  of  the  equivalent  time  delay  called  t  ; 
sample  boundaries  are  shown  in  Figure  10.  This  criterion  shows  promise  sines  it  contains 
the  necessary  dimensions  of  initial  delay  (t  )  and  a  metric  (bandwidth  frequency)  which 
relates  to  the  aircraft  response.  F' 

The  concept  of  the  ban&rldth  criterion  is  in  effect  on  open-loop  version  of 
the  closed-loop  Neal-Smith  criterion  (Reference  16) .  A  deficiency  which  the  criteria 
share  is  the  Inability  to  account  for  the  sensitivity  of  the  predicted  results  to  smell 
changes  in  the  criteria  constraints .  This  sensitivity  is  indeed  the  very  systan  character¬ 
istic  which  results  in  "flying  qualities  cliffs."  To  be  useful  a  criterion  must  expose 
these  problem  aircraft  configurations  which  produce  "anlosive"  flying  qualities  degrada¬ 
tions  with  small  changes  in  task  performance  standard  (bandwidth)  or  pilot  technique 
(compensation) . 

Neal-Smith  Longitudinal  Flying  Qualities  Criterion  (Reference  17) 

A  detailed  description  of  the  genesis  and  evolution  of  this  criterion  is  beyond 
the  scope  of  this  paper.  Simply  stated,  the  criterion  is  based  on  the  assumption  that 
precise  pitch  attitude  control  is  essential  for  good  flying  qualities.  Flying  qualities 
boundaries  were  developed  through  correlation  with  in-flight  simulation  data  which  relate 
to  the  closed-loop  pitch  attitude  task  performance  and  the  dynamic  coa^pensation  necessary 
to  achieve  an  appropriate  closed- loop  bandwidth.  The  criterion  assumes  a  simple  closed- 
loop  pitch  attitude  tracking  task  and  a  desired  bandwidth  (degree  of  pilot  task  aggres¬ 
siveness)  which  is  a  function  of  the  task. 

The  criterion  in  its  original  form  represents  a  very  useful  longitudinal  design 
guide  for  the  evaluation  of  advanced  highly  augmented  fighter  aircraft.  For  a  variety  of 
reasons,  much  effort  has  been  expended  to  find  alternative  methods  to  do  the  same  job  dona 
by  the  original  criterion.  Although  the  criterion  is  clearly  not  in  a  form  to  be  used  in 
a  flying  qualities  specification,  it  works  as  well  as  any  alternative  method  end  is  no 
more  complex  to  apply  than  the  equivalent  system  method.  It  has  the  advantage  of  being 
more  directly  related  to  the  piloting  task  than  other  open- loop  metrics.  The  criterion 
allows  the  complete  flight  control  system  to  be  evaluated  without  the  requirement  for 
equivalent  pareswter  calculations.  Further,  evaluation  of  the  interaction  of  initial 
delay  and  aircraft  response  is  handled  in  one  step.  For  the  Real-Smith  criterion,  the 
evaluation  of  the  criterion  output  data  is  where  the  interpretation  phase  is  found  rather 
than  in  the  initial  steps  as  in  the  equivalent  system  process;  each  approach  has  its 
Imperfections . 

The  criterion  has  been  extended  from  the  filter  tracking  task  to  the  precision 
landing  task  in  a  recent  study  reported  in  Reference  22.  A  version  of  the  criterion 
which  is  applicable  to  the  landing  task  was  developed  using  the  approach  and  lending  data 
base  of  Reference  11. 

In  summary,  the  Real-Smith  criterion  represents  a  useful  longitudinal  fighter 
flying  qualities  evaluation  criterion  for  both  tracking  and  landing  tasks.  As  suggested 
in  Reference  22,  the  criterion  should  be  revisited  and  a  suitable  metric  devslopeawhioh 
evaluates  the  sensitivity  of  task  performance  to  changes  in  bandwidth.  Refinement  of 
this  closed- loop  criterion  approach  into  a  form  suitable  for  inclusion  as  a  requirement 
in  a  flying  qualities  specification  is  likely  not  practical.  However,  recent  eeeslop- 
namts  in  the  application  of  the  equivalent  system  method  (preliminary  KIL-F-8783C  reviaion) 
have  created  e  degree  of  eo^ laxity  which  mokes  the  Neal-Smith  approach  appear  mere 
rasa  enable. 


Development  of  a  closed-loop  time  domain  criterion  similar  to  the  frequency 
domain  Real-Smith  criterion  weald  be  an  appropriate  research  area.  Systems  with  non¬ 
linear  footer aa  aoeld  be  properly  evaluated  with  such  a  criterion. 


As  previously  discussed,  a  longitudinal  equivalent  s ye tea  approach  haa  boon  In¬ 
corporated  Into  the  latest  Military  flying  qualities  specifications  (Referonpe  21)  and 
suggested  revisions .  The  aathod  specified  la  the  frequency  response  method  developed 
at  the  McDonnell -Douglas  Conpany  (Reference  3)  and  sonatinas  referred  to  as  "KsFit  . 

Once  the  equivalent  parameters  are  derived,  they  are  conpared  with  the  appropriate  bounda¬ 
ries  In  the  specification.  Generally,  the  sans  boundaries  can  be  used  that  mere  original¬ 
ly  developed  for  "classic”  aircraft. 

Unfortunately,  this  method  has  recently  evolved  Into  a  much  more  coupler  pro¬ 
cedure  (preliminary  MXL-F-8785C  revision) .  In  addition.  It  la  surrounded  with  contro¬ 
versy  related  to  the  selection  of  the  appropriate  n  /a  value  for  an  evaluation.  However, 
the  equivalent  system  method  clearly  has  strong  merit.  For  example,  the  study  reported 
In  Reference  22,  evaluated  the  NT-33  LAHOS  data  base  (Reference  ll)  using  the  original 
equivalent  system  nethod  with  very  good  results . 

As  noted  in  the  discussion  on  M1L-F-8785C,  the  evaluation  of  the  effects  of 
control  system  dynamics,  including  pure  tins  delay,  on  fighter  lateral  flying  qualities 
is  not  wall  covered.  The  results  of  a  recent  NT- 33  in-flight  evaluation  program  (Refer¬ 
ence  10)  are  of  interest  In  this  area. 

This  lateral  higher  order  system  (LATHOS)  experiment  Involved  very  realistic 
tracking,  refueling  and  formation  tasks  as  well  as  precision  landing  taska.  A  wide 
variety  of  control  system  effects ,  Including  time  delay  and  prefilter  lag  were  extensively 
evaluated  with  different  levels  of  roll  damping.  Correlation  of  these  data  was  obtained 
using  a  time  history  equivalent  system  approach. 

The  effective  delay,  t...,  (to  distinguish  from  "McFlt"  equivalent  delay)  and 
effective  roll  mode  time  constant,  t»,  are  extracted  from  the  roll  rate  step  response 

time  history  as  illustrated  in  Figure  4.  Finally,  flying  qualities  boundaries  on  the 
versus  plane  were  derived  using  the  data  for  the  optimum  cores  end  gain.  The 

Kt(( 

time  domain  equivalent  system  results  for  the  Category  A  tasks  (tracking,  refueling)  ere 
shown  in  Figure  11.  Reasonable  separation  of  the  data  Is  achieved.  As  for  the  longi¬ 
tudinal  axis,  a  sharp  degradation  of  pilot  rating  with  time  delay  Is  evident.  Based  on 
these  data,  the  allowable  time  delay  appears  to  be  a  function  of  the  aircraft  response, 
in  this  case  characterised  by  the  effective  roll  mode  time  constant.  Chalk  In  Reference 
23  further  makes  the  case  that  the  allowable  time  delay  and  subsequent  degradation  of 
flying  qualities  is  a  function  of  the  task  performance  standard  (bandwidth)  and  the  class 
of  aircraft. 

In  summary,  equivalent  system  methods  can  be  used  to  evaluate  the  flying  quali¬ 
ties  of  fighter  aircraft  with  delay-prone,  complex  flight  control  systems.  Flying  quali¬ 
ties  criteria  based  on  equivalent  system  methods  must  include  a  definition  of  the  method 
to  be  used. 

CONCLUDING  REMARKS 

The  flying  qualities  problems  associated  with  the  latest  fighter  aircraft  are 
most  often  associated  with  control  systems  time  delay.  This  delay  Is  typically  intro¬ 
duced  into  the  initial  response  to  a  pilot  input  by  the  control  system  design  strategies 
which  are  now  achievable  with  today's  advanced  high- authority  electronic  control  systems. 
In  this  paper  we  have  attempted  to  review  the  meaning  of  tine  delay  and  Its  effect  on 
fighter  flying  qualities.  In  sueaary,  the  major  points  in  the  paper  are: 

e  Control  system  time  delay,  whatever  the  source,  can  have  a  profound  effect 
on  longitudinal  and  lateral  flying  qualities  for  precision  fighter  tesks. 

e  The  sllowable  time  delay  and  the  rate  of  flying  qualities  degradation  with 
time  delay  are  a  function  of  the  level  of  task  precision,  pilot  technique  and 
the  subsequent  aircraft  response. 

e  The  time  delay  measurement  method  must  be  carefully  specified  and  be  a 
part  of  any  "equivalent  system"  flying  qualities  evaluation  criteria. 

e  Exposure  of  flying  qualities  problems  related  to  time  delay  can  only  be 
accomplished  with  "high  stress”  realistic  tasks. 

e  Although  the  data  base  is  far  from  complete,  flying  qualities  criteria  exist 
which,  although  imperfect,  can  be  used  In  the  design  process  to  avoid  the 
flying  qualities  problems  related  to  initial  time  delay. 

e  Control  system  designers  should  recognise  that  complexity  generally 

results  In  greater  Initial  response  delays  delay-free  individual  elements 
can  contribute  to  the  overall  Initial  delay  as  perceived  by  the  pilot. 

Simple  systems  are  generally  better. 

e  Mors  flying  qualities  data  are  required  to  understand  fully  the  effects 
of  tins  daisy  on  fighter  flying  qualities ;  In  particular,  the  effects  of 
time  delay  on  fighter  pitch  tracking  flying  qualities  axe  not  well  defined; 
the  effects  of  digital  flight  control  system  characteristics  on  fighter 
flying  qualities  also  deserve  more  attention. 


1*40 


references 

1. 

2. 

3. 

4. 


3. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 

18. 

17. 

18. 


19. 

20. 
21. 
22. 

23. 


ssr- 


ft.  ft.,  and  Millar,  0.  S.i  "ftlight  Tasea  of  a  Microprocessor  Control 
Journal  of  Ouidanca  and  Control,  Vol.  3,  Mo.  8,  “  “ 


J«»  wj  Hayda,  J.  l.s  "HsndXli 
tilth  Stability  and  Control  Augmentation  Systems  -  X  jj 
•  Journal  of  ^ocUty ,  February  IF 


ties  of 


•h,  ft.  C.,  HodfkliMrf'J'.VdBd'taAiima,  W.  J.:  "Are  Today 'a  Specifica- 
Apyaroprlata  for  Tomorrow1!  Airplanes t”  AOAftD  Flight  Mechanics  Tonal 
—  on  Stability  and  Control,  Ottawa,  Canada,  Saptaafcar  1978. 

J_. .  Bar  gar ;  ft.  L.  and  Bay,  ft.L.s  "Analysis  ofHigh  Order 


.  *0.5 

Light  Control  System  Dynamics  Using  an 
.  rt  76-009,  Sovanth  Annual  Pittsburgh  “ 
Siaulatlon,  Auguat  1976. 


stem  topie^A," 
'  doling  and 


Eulriah,  B.  J.  and  Bynaakl,  E.  6.t  "Zdantlflcatlon  of  Flexible  Aircraft  Fron 
ftlight  Data,"  AZAA  Paper  No.  80*1633,  Auguat  1980. 

Boh,  ft.  ft.  and  Mitchell,  D.  6.:  "Bandwidth  -  A  Criterion  for  Highly  Aunentad 
Airplanes,"  AZAA  Paper  No.  81*1890,  Auguat  1981. 

Shafer,  M.  ft. :  "Low  Ordar  Equivalent  Models  of  Highly  Augmented  Aircraft 
Determined  ftron  ftlight  Data  Using  Mftx£mua  Likelihood  Eetlaatlon,"  AZAA  Paper 
No.  80-1627,  August  1980.  nose  rotc‘  on 

Chalk,  C.  ft.:  "Calapan  Recommendations  for  STSkPlylng  Quaticiae  Pse&mn 
Criteria,"  NASA-CR-159236 ,  Ajlril  1980. 

VanGoot^  Mi.  ft.  C.r‘  "Applicatidrf'bf  Existing  Roll  Raepdoaa  Criteria  to 
Tranaoort  Aircraft  With  A^vfthee^  ftlight  Control  Systems,"  «ZAA  Paper  Ho. 

80-15>2.  August  19W.  2“  :  ^  right 

Monaaan,  S.  J,,  Smith,  R.  E^and  Sallay,  R.  E,ide"Lataml-Diractional  Plying 
Qualities  of  Highly  Augmented  Fighter  Aircraft,"  APWAL-TR-81-3171,  January  1982. 

Smith,  ft.  it.:  "Effects  of  Control  System  Dynamics  on  Fighter  Aptr&achsnd 
Landing  Longitudinal  Plying  Qualities,"  AFFDL-TR-78-122.  March  1978. 

Johnston,  ft.  A.  and  Hodgkins on,  J.»  "Plying  Qualities  Analysis  of  an  In-ftllght 
Simulation  of  High  Order  Control  System  Effects  of  ftlghtar  Aircraft  Approach 
and  Landing,"  MoAIR  Report  No.  IOC  A5S96,  December  1978. 

Smith,  R.  E.t  "Equivalent  Systems  Verification  and  Evaluation  of  Augmentation 
Effects  on  Fighter  Approach  and  Landing  Plying  Qualities,"  Calapan  fiaport 
No.  6241-FO,  August  1979. 

Bailey,  ft y  ft*  add  Smith,  R.  E.t  "An  In-Flight  Investigation  of  Pilot- Induced 
Oscillation  Suppression  Filters  During  the  Fighter  Approach  end  Landing  Task," 
NASA  Contractor  Report  No.  163116,  March  1982. 

D,  T.,  Powers,  B.  G.,  Szalal,  K.  J.,  and  Wilson,  R.  J.:  "A  Summary  of 
light  Evaluation  of  Control  System  Pure  Time  Delays  Durin 
*-8jm.>lrplttt/lAIAA  Papes  Nq._  80.-1626.  August  191 


.on  to  Develop  Control 
-TR-70-74,  December  1970. 


System  B*slgn  Criteria  for  ftlghtar  Airplanaa," 

Smith,  ft.  E.t.,  "Evaluation  of  P-18A,  Approach  and  T-anA<«g  Plying  Qualities 
Using  ft:  In*Flight  Simulator,"  Calapan  Report  Mo.  6241-F-l,  February  1979. 


■K 


GlbetmrT  J.  C.t  "Plying  Qualities  and  the  Fly-By-Wire  Aeroplane,"  AOAftD 
fipar  Me.  AflARD- CP-260,  AOAftD  Conference  Proceedings  Mo.  260,  Conference 
Stability  and  Control,  Neuilly  Sur  Seine,  Prance.  y"wT 

ftarte field.  Col .  H.  W.  Jr..:  "Snaea  Shuttle  Orbital  Vliaht 


on 


tefleld,  Col.  H.  W.  Jr., i 
of  Experimental  Test  Pilots, 
Vol7l4,  September  1978. 


’Space  Shuttle  Orbital  Plight  Test&^HlBodkaty 
22nd  Sympoelum  Proceedings ,  Technical  Review, 


^.,£“{^188**-'  "*•* Q”u““  - 


Udford.  ft.  C. ,  Smith,  ft.  I.,  and  Bailey,  ft. 
ftvaiuation  Criteria  foy Augmented  Aircraft," 
163097,  August  1980. 

tieiuaarten.  N.  C.  and  ChftU,  c.  ft.:  "In-f 
rtomMii  ftJ}®*  QU4aitlM  *°T  Approeeh  and 


*>*  0. 

Plying  Quail tiae 


tiou  of 
-Tft^81‘ 


&r 


-0.1 


"  iSL,,i*L-  V  _ 


Figure  3:  EQUIVALENT  SYSTEM  MATCH  BY  LON  ORDER  MOOEL  PLUS  EQUIVALENT  TINE  DELAY 


Figure  4:  EFFECTIVE  TIME  DELAY  AND  TINE  CONSTANT 
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Figure  9:  COMPARISON  OF  THE  EFFECTS  OF  TIME  DELAY  FOR  LOW  AND  HIGH  STRESS  LANDING  TASKS 
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Figure  10:  SUGGESTED  BANDWIDTH  CRITERION/TIME  DELAY  BOUNDARIES  FOR  REVISED  MIL- 8785 C 
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EFFECT  OF  CONTROL  SYSTM  DELAYS  OB  FIGHTER  FLYING  QUALITIES 
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INTRODUCTION 


In  most  of  todays  fighter  aircraft  the  pilot's  stick  inputs  during  certain  flight  phases  are 
based  upon  information  obtained  from  the  Head  Up  Display  (HUD).  This  information  is  generated  by  partly 
digital  systems  vith  inherent  time  delays,  vhich  are  not  included  in  the  control  system  time  delays 
described  in  the  previous  paper,  although  they  may  contribute  to  degradation  of  the  flying  qualities. 

These  comments  give  an  example  of  such  time  delays  existing  in  the  F-16  aircraft.  Apart  from 
this  some  F-16  control  system  modifications  and  their  resulting  impact  on  the  power  approach  handling 
qualities  will  be  discussed. 


HEAD  UP  DISPLAY  TIME  DELAYS 

Under  instrument  conditions  the  pilot's  stick  inputs  during  the  approach  phase  may  be  based 
upon  information  from  the  HUD.  In  the  F-l6  the  pilot  has  to  maintain  glide  path  and  13  degrees  Angle  of 
Attack  (AOA) .  HUD  symbology  is  shown  in  figure  1.  The  flight  path  marker  (aircraft  symbol)  shovs  aircraft 
velocity  vector.  The  AOA  is  shown  by  the  position  of  the  AOA  bracket  with  regard  to  the  flight  path  marker. 
The  flight  path  marker  will  lag  (due  to  delayed  aircraft  response)  attitude  changes.  This  lag  will  be 
minimal  when  attitude  changes  are  made  at  a  slow  rate.  It  would  be  incorrect  to  regard  this  lag  as  a  time 
delay,  because  the  pilot  is  aware  of  the  lag  and  the  fact  that  he  should  not  consider  the  flight  path 
marker  as  an  attitude  indicator. 

The  delay  in  presentation  of  both  the  flight  path  marker  and  the  AOA  bracket  is  shown  in 
figure  2.  The  flight  path  marker  information  is  derived  from  Vx,  Vy  and  Vz  transmitted  in  digital  form 
from  the  Inertial  Navigation  Unit  to  the  Fire  Control  Computer.  Flight  path  marker  computation  takes  place 
in  the  Fire  Control  Computer,  which  transmits  this  data  to  the  HUD  Electronic  Unit.  AOA  information  is 
sent  from  the  AOA  transmitter  to  the  Centred  Air  Data  Computer.  It  is  then  transmitted  in  digital  form  to 
the  HUD  Electronic  Unit,  where  it  is  combined  with  the  flight  path  marker  information.  The  combined 
symbology  is  sent  to  the  HUD  Pilot  Display  Unit. 

Except  the  estimated  delay  of  20  milliseconds  (ms)  at  the  AOA  transmitter,  all  other  delays 
are  sampling  delays.  The  same  asaumptions  as  in  the  previous  paper  are  used,  namely  that  digital  computa¬ 
tional  delay  is  not  significant  and  that  the  sampling  delay  is  one  half  of  the  sampling  rate.  We  then  find 
a  total  time  delay  of  30  ms  for  the  flight  path  marker  presentation  and  a  delay  of  up  to  50  ms  in  AOA 
presentation.  If  the  pilot's  stick  input  is  made  to  correct  an  AOA  deviation  it  will  be  50  ms  late  already. 
Based  upon  the  observations  in  the  previous  paper  an  additional  control  system  time  delay  greater  than 
8o  ms  instead  of  the  expected  130  ms  will  now  degrade  the  flying  qualities.  This  under  the  assumption  that 
visual  display  system  time  delays  have  the  same  impact  on  the  flying  qualities  as  control  system  time 
delays. 


CONCLUSIONS 

Time  delays  in  visual  display  systems  may  be  serious  enough  to  have  an  impact  on  flying  quali¬ 
ties. 

Time  delays  in  such  systems  should  be  part  of  future  investigation  and,  if  necessary,  limita¬ 
tions  for  such  time  delays  should  be  included  in  the  U.S.  Military  Flying  Qualities  Specification. 


F-16  POWER  APPROACH  HANDLING  QUALITIES 

From  the  first  days  of  the  F-l6  aircraft  it  is  known  that  the  aircraft  possesses  same 
undesirable  handling  characteristics  during  the  approach,  landing  and  landing  roll-out.  One  of  the  many 
contributing  factors  to  this  undesirable  behaviour  are  the  control  laws  used  in  this  flight  phase.  When  the 
landing  gear  is  lovered  the  control  laws  change  from  a  load  factor  command  system  to  a  blended  AOA/load 
factor  command  system.  The  predominant  AOA  command  provides  the  pilot  with  a  clear  air  speed/ AOA  cue.  If 
the  air  speed  gets  slow  additional  stick  force  is  required  to  maintain  a  given  attitude.  Some  disadvantages 
of  the  system  are  a  reduction  in  pitch  control  precision  and  an  increased  response  of  the  aircraft  to  AOA 
distortions  caused  by  gusts  and  turbulence.  During  the  landing  roll-out  aerobraking  is  performed  at 
13  degrees  AOA  to  slow  down  the  aircraft.  During  this  aerobraking  the  control  system  changes  to  ground 
control  laws  when  veight  on  wheel  switches  are  confessed.  The  air  speed  at  which  this  occurs  is  a  function 
of  aircraft  weight  and  centre  of  gravity  (eg)  position.  It  varies  from  65  knows  (light  weight,  forward  eg) 
to  135  knots  (heavy  weight,  aft  eg).  With  ground  control  laws  the  AOA  signal  is  no  longer  used  as  a  control 
input.  The  transient  causes  an  abrupt  repositioning  of  the  horizontal  tail,  which  is  noticable  to  the  pilot 
because  a  (controllable)  note-rise  will  occur. 


MODIFICATIONS  OF  THE  FLIGHT  CONTROL  SYST1M 


Two  modifications  of  tbe  flight  control  system  were  made  to  correct  problems  in  phases  other 
than  the  approach  and  landing  phase.  The  horizontal  tail  area  was  increased  to  reduce  the  possibility  of 
a  "deep  stall"  after  a  departure  from  the  normal  flight  envelope.  The  second  modification  was  a  mechanical 
repositioning  of  the  horizontal  tail  (rerig)  to  reduce  the  chance  of  a  violent  pitch  down  when  electrical 
power  to  the  flight  control  system  is  completely  lost. 


CONSEQUENCES  ON  POWER  APPROACH  HANDLING  QUALITIES 

The  increased  area  of  the  horizontal  tail  causes  an  increase  in  sensitivity  to  pitch  commands 
as  well  as  an  increase  in  tail  authority  in  the  approach  configuration.  This  results  in  problems  in  the 
areas:  take  off,  landing  and  landing  roll-out.  During  take  off  the  pilot  now  can  raise  the  nose  before  the 
aircraft  is  ready  to  fly.  Due  to  the  increased  pitch  sensitivity  there  is  also  a  risk  of  overrotation, 
which  will  cause  the  tail  of  the  aircraft  to  strike  the  runway.  The  same  problem  exists  during  the  landing. 
Touchdown  is  normally  made  at  13  degrees  AOA,  but  abrupt  stick  inputs  may  cause  overshoots  big  enough  to 
strike  the  tail  (at  15-5  degrees  AOA). 

Because  of  the  increased  tail  authority  the  nose-rise  during  the  landing  roll-out  at  the 
changeover  to  ground  control  lavs  was  much  more  pronounced  and,  especially  at  high  aircraft  weight  and  aft 
eg,  sometimes  not  controllable.  This  resulted  in  tail  strikes.  The  mechanical  repositioning  of  the  horizon¬ 
tal  tail  further  aggrevated  the  abruptness  and  magnitude  of  the  nose-rise  because  of  an  increase  in  hori¬ 
zontal  tail  travel  at  the  above  mentioned  changeover. 


SOLUTIONS 


The  solution  for  the  nose-rise  problem  during  landing  roll-out  was  to  increase  the  AOA  signal 
fade-out  time  from  0.1  to  1.1  seconds.  This  eliminated  the  problem. 

The  problems  in  the  take  off  and  landing  phases  vere  less  easy  to  solve  because  they  required  radical 
changes  of  the  control  laws.  The  blended  AOA/load  factor  coranand  system  in  the  power  approach  configuration 
vas  replaced  by  a  pitch  rate  command  system.  Only  above  10  degrees  AOA  an  additional  AOA  signal  provides  an 
AOA/air  speed  cue  to  the  pilot.  This  AOA  signal  is  also  less  dominant  than  the  AOA  signal  used  in  the 
present  system  (Fig.  3).  The  modified  flight  control  system  provides  more  pitch  attitude  stability  at  the 
cost  of  AOA  stability.  Belov  10  degrees  AOA  the  aircraft  is  neutrally  AOA  stable,  up  to  lk  degrees  AOA 
only  a  small  amount  of  stick  force  is  required  to  increase  AOA  and  above  Ik  degrees  AOA  the  stick  force 
required  to  increase  AOA  is  raised  with  a  factor  3.  This  results  in  a  better  pitch  response  of  the  air¬ 
craft,  vhich  reduces  the  tendency  to  overcontrol.  Additional  benefits  are  that  the  aircraft  ia  less 
susceptible  to  gusts  and  turbulence,  also  undesirable  pitch  transients  during  landing  gear  selection  are 
no  longer  present. 

Due  to  the  various  Air  Forces  using  the  F-l6,  numerous  test  pilots  were  involved  in  the  evalua¬ 
tion  of  the  modified  control  system.  Final  test  flights  have  been  completed  and  the  decision  to  incorporate 
the  modified  control  system  in  the  F-16  will  be  taken  soon.  Incorporation  will  be  subject  to  high  coBt  due 
to  the  required  hardware  changes  in  the  analog  flight  control  system  and  the  number  of  aircraft  already  in 
service. 


CONCLUSION 

Any  improvement  to  a  flight  control  syBtem  will  almost  certainly  create  problems  in  another 
area,  therefore  even  small  deficiencies  in  control  systems  should  be  corrected  at  the  earliest  possible 
stage.  _ 
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Fig.  1  HUD  angle  of  attack  symbology 


Fig.  2  Flight  path  marker  and  AOA  time  delays 


AN  EXAMPLE  OF  LONGITUOINAL  AND  TRANSVERSAL  OSCILLATION  COUPLING  t 
THE  EPSILON  AIRCRAFT  "CORK  SCREW" 

Author  i  J.  IRVOAS 

AEROSPATIALE 
31053  TOULOUSE  -  FRANCE 

SUWARY 

Few  of  the  rules  an  aircraft  manufacturer  has  to  respect  to  meet  the  regulation  flight  quality 
criteria  warn  him  against  possible  bad  interactions  which  may  exist  between  the  classical  oscillations 
of  an  aircraft.  Generally  Dutch  roll  and  incidence  oscillation  are  modes  which  are  so  separate  that  the 
criteria  attributed  to  each  of  them  are  specific  and  their  analysis  at  the  time  of  the  aircraft  design 
is  performed  separately  by  uncoupling  "lateral"  and  "longitudinal”  equation.  Hence  the  surprise  when  a 
prototype  military  trainer  aircraft  manufactured  by  Aerospatiale  "the  EPSILON",  revealed,  during  its  1st 
flights  in  spring  1980,  a  sustained  oscillation  which  for  want  of  correct  name,  in  the  conventional  vo¬ 
cabulary  of  the  best  authorities  on  flight  mechanics,  was  called  "cork  screw".  All  instrumentations, 
whatever  the  orientation  of  their  sensitive  axes,  bore  the  sign  of  this  combined  movement  of  incidence 
oscillation  and  Dutch  roll. 

This  was  the  starting  point  of  an  analysis  which  required  implementation  of  the  full  panoply 
available  to  the  engineer  s  wind  tunnel  tests  on  models  installed  on  a  "yaw-pitch"  head  siauletion  of 
the  phenomenon  by  modeling  with  six  degrees  of  freedom. 

An  incidence  oscillation  and  yawing  combination  criterion,  the  search  for  influent  aircraft  ar- 
chitecturer  and  the  implementation  of  a  solution  succesfully  tested  in  flight  on  the  preproduction  air¬ 
craft  resulted  from  this  analysis. 

NOTATIONS 

Gradient  of  aerodynamic  pitching  moment  coefficient  with  sideslip 
Sideslip 

Gradient  of  aerodynamic  yaw  moment  coefficient  with  incidence 
Incidence 

Specific  weight  of  the  air 
Aircraft  wing  reference  area 
Aircraft  wing  reference  chord 
Aircraft  weight 
Radius  of  giration  in  pitch 
Radius  of  giration  in  yaw 

Gradient  of  aerodynamic  lift  coefficient  with  incidence  , 

Gradient  of  aerodynamic  pitching  moment  coefficient  with  reduced  pitch  angular  velocity  q  y 
Aircraft  speed 

Gradient  of  aerodynamic  lateral  lift  coefficient  with  sideslip  , 

Gradient  of  aerodynamic  yawing  moment  coefficient  with  reduced  yaw  angular  velocity  r  y 
Gradient  of  aerodynamic  yawing  moment  coefficient  with  sideslip 
Yaw  angular  velocity 
Pitch  angular  velocity 
Fin  area 

Oistance  from  the  aerodynamic  centre  of  the  fin  to  the  aerodynamic  centre  of  the  wing. 

PLAN 

1 .  Introduction 

2.  The  phenomenon  on  the  prototype  aircraft 

3.  Intuitive  explanation  of  the  phenomenon 

4.  Mechanical  explanation  :  modeling  of  the  phenomenon 

5.  Physical  explanation 
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1.  INTRODUCTION 

The  tail  cone  design  of  the  EPSILON,  a  two-seater  economic  initial  trainer  aircraft  designed  for 
the  French  Air  Force,  presented  a  very  particular  problem. 

This  aircraft  is  characterized  by  a  high  power  ratio  provided  by  a  single  300  H-P  AVCO  LYCOMING 
propeller  engine,  allowing  the  aircraft  to  fly  at  200  kts. 

The  prototype  presented  a  Dutch  roll  greatly  disturbed  by  the  slipstream  of  such  a  propeller. 

This  led  Aerospatiale  to  study  the  interaction  of  this  slipstream  with  the  aerodynamics  of  the  aircraft 
with  the  greatest  care.  This  study  resulted  in  the  preproduction  aircraft  design.  This  report  deals  with 
this  experience. 

2.  THE  PHENOMENON  ENCOUNTERED  ON  THE  PROTOTYPE  AIRCRAFT 

The  phenomenon  occurred  from  the  very  1st  flights  i  either  during  stabilized  yawing  tests  or  du¬ 
ring  actuation  of  the  rudder  to  identify  the  lateral  characteristics  of  the  aircraft. 

Whereas  the  Dutch  roll  converged  slowly  but  steadily  as  expected  on  soma  occasions  (sheet  2),  the 
convergence  presented  variations  during  other  flights  (sheet  3).  Sometimes  the  divergence  (sheet  4)  wee 
ao  large  that  the  yawed  flight  could  not  be  stabilized. 
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The  defect  mainly  appeared  in  clean  configuration  on  right  sideslip.  The  phenomenon  appeared  aa 
a  "cork  screw"  movement  to  the  pilot  (sheet  5)  »  it  was  a  combined  "yaw-pitch”  oecillation  cloae  to  the 
quadrature,  the  aircraft  noee  describing  an  almost  circular  antl-clockwiae  movement. 

The  amplitude  of  the  phenomenon  could  reach  a  i  2°  sideslip  at  200  lets,  associated  with  a  *  1.25" 
incidence. 

With  flaps  and  slats  extended,  the  defect  appeared  lesa  clearly  with  a  strong  left  sidealip,  the 
rotation  was  then  clockwise. 

3.  INTUITIVE  EXPLANATION  Of  THE  P HE NOME  NON 

Of  course,  the  phenomenon  can  easily  be  understood  when  one  is  aware  of  the  "aerodynamic  facts” 
which  occur.  It  is  nevertheless  necessary  to  link  them  to  reach  a  logical  reasoning  >  a  vicious  circle  has 
to  be  built,  since  we  were  dealing  with  a  self-sustained  movement.  We  are  going  to  understand  intuitively 
that  a  combination  of  2  aerodynamic  facts  is  necessary.  The  first  fact  is  an  effect  of  the  incidence  on 
the  yawing-torque  (sheet  6).  Let  us  consider  that  the  aircraft  is  side-slipping  to  the  right,  the  wind 
vane  effect  (return  torque)  being  countered  by  an  opposite  rudder  deflection  (stabilized  side  slip). 

Let  us  imagine  a  disturbance  which  makes  the  aircraft  pitch-up  (increased  incidence).  A  loee  of 
the  return  torque  is  noted,  hence  an  increase  in  sideslip. 

Let  ua  continue  immediately  with  the  2nd  fact  :  an  increase  in  sideslip  causes  a  nose-down  torque 
(sheet  7).  The  increase  in  sideslip  is  therefore  immediately  followed  by  a  decrease  in  incidence.  At  this 
point  in  our  explanation,  the  nose  of  the  aircraft  has  described  a  semi-circle  since  its  initial  pitch-up 
disturbance.  The  lower  semi-circle  can  be  explained  in  the  same  way  from  the  nose  down  movement  in  which 
we  left  our  aircraft.  The  circle  thus  closes,  and  we  can  imagine  that  under  some  favourable  conditions  the 
movement  manager  to  become  self  sustained. 

At  this  point  in  our  "explanation",  2  questions  avise  for  the  enginer  who  wants  to  understand  : 

-  what  conditions  are  to  be  fulfilled  for  the  movement  to  become  self-sustained  ? 

-  what  causes  the  aerodynamic  facts  presented  ? 

We  will  try  to  answer  these  questions  in  the  following  paragraphs.  The  aerodynamics  characteris¬ 
tics  involved  in  this  phonomenon  Cm(o< , ft)  and  Cn  (el, ft),  have  been  revealed  on  a  model  in  the  wind- 
tunnel.  In  chapter  S  we  will  describe  tne  important  wind-tunnel  test  caapaign  which  was  carried  out  in 
order  to  understand  and  cure  the  phenomenon. 

4.  MECHANICAL  EXPLANATION  ;  MODEL INC  Of  THE  PHENOMENON 

It  is  easy  to  answer  the  1st  question  :  what  conditions  are  to  be  fulfilled  for  the  movement  to 
become  self-sustained  ?  flight  mechanics  help  us  to  do  so. 

Aircraft  "modes"  are  usually  analysed  from  its  equations  linearized  and  uncoupled  into  two  sys¬ 
tems  i  a  longitudinal  one,  and  a  lateral  one.  A  first  approximation  of  the  Dutch  roll  and  the  incidence 
oscillation  is  thus  easily  defined  (sheet  8). 

Linearization  and  uncoupling  :  two  operations  still  used,  but  trfiich  will  probably  be  given  up 
some  day  and  be  replaced  by  the  bifurcation  methods  (ref.  1)  based  on  the  catastrophe  theory.  As  we  can¬ 
not  present  our  phenomenon  using  this  method  (1 ’Office  National  de  Recherches  en  Aeronautique  -0NERA- 
is  concentrating  on  it),  we  will  go  on  linearizing. 

On  the  other  hand,  we  shall  not  uncouple,  since  the  phenomenon  we  are  interested  in  can  precise¬ 
ly  be  explained  by  a  coupling  between  the  longitudinal  and  lateral  system.  The  coupling  appears  through 
excitation  of  the  incidence  oscillation  by  the  sideslip  (Cm£)  and  an  excitation  of  the  Dutch  roll  by  the 
incidence  (Cn jf).  As  shown  on  Nyquiat's  drawing,  the  combination  of  these  two  couplings  can  cause  a  di¬ 
vergent  mode  in  the  following  necessary,  but  not  sufficient  condition  t 

Cnpf  .  Cm  £  ^  0 

Sideslip  and  incidence  are  then  in  quadrature.  Nyquiat's  drawing  on  sheet  8  illustrates  the  case  encoun¬ 
tered  in  cruise  around  which  Cnat  and  Cm 6  are  both  negative.  The  incidence  is  a  phase  ahead  of  the 
sideslip  :  the  rotation  of  the  aircraft  nose,  seen  by  the  pilot,  is  indeed  anti  clockwise. 

The  aircraft  modes,  taking  longitudinal-lateral  coupling  into  account,  are  given  by  the  charac¬ 
teristic  equation  of  the  full  system  of  linearized  equation  of  the  aircraft  (sheet  9).  For  the  sake  of 
clarity  we  have  neglected  the  roll  equation  here  :  this  la  perfectly  acceptable,  because  this  simplifica¬ 
tion  is  generally  justified  at  high  aircraft  speeds. 

Uncoupled  system  modes,  as  we  can  see,  are  but  a  first  approximation  of  the  real  modes  i  a  1st 
approximation  that  is  sufficient  in  the  case  of  the  incidence  oscillation,  but  rough  in  the  case  of  (kitch 
roll  in  sofar  aa  its  proximity  to  the  imaginary  axis  may  well  give  rise  to  a  divergence. 

The  sufficient  condition  for  it  to  appear  is  thus  expressed  (sheet  10)  s 

Cnal.Cm^ 

What  was  the  situation  for  our  aircraft  with  reapect  to  this  criterion  ?  (sheet  11).  As  we  can  sea,  all 
the  conditions  to  cause  a  divergence  are  preaent  t  the  divergences  met  in  flight  were  reproduced  in  aiM- 
lation  (sheet  12). 

It  was  the  1st  time  such  a  phonomenon  occurred  on  aircraft  manufactured  by  ua.  We  therefore  gave 
in  to  our  curiosity  and  aought  to  find  out  how  they  stood  with  reapect  to  this  criterion  (sheet  13). 

This  table  reveels  sensitivity  to  any  latent  coupling  of  our  EPSILON  prototype.  The  low  value  of 
the  product  Cnr  Cn^  of  thia  aircraft  is  striking.  Let  us  analyse  the  physical  causes  of  this  sensitivity. 

5.  PHYSICAL  EXPLANATION 

The  seneitivy  of  an  aircraft  to  the  phenomenon  previously  described  depends  an  the  respective 
levels  of  the  product  Cn  A.Cnr  an  the  one  hand  and  of  the  product  Cn m  Cm |b  on  the  other. 
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5.1  Value  of  the  coefficients  Cn^  at  Cnr 

The  low  values  of  Cnf  end  of  Cnr  ore  always  associated  with  a  seal  1  fin  area  (fd>  or  a  short 
fuselage  (Id)  t  this  la  shown  clearly  an  sheet  13.  The  low  values  of  ftd.ld  are  characteristic  of  a  sin¬ 
gle  engine  aircraft  i  this  type  of  aircraft  does  not  need  a  yaw  torque  to  counter  the  failure  of  an  off- 
cantered  angina. 

Me  think  therefore  that  these  aiople  engine  aircraft  are  wore  likely  to  present  our  phanoaanon. 

This  low  value  of  coefficients  Cnr  and  Cn|fc  however  ia  not  disturbing  insofar  as  the  coeffi¬ 
cients  Cnat  and  Cm^  are  snail.  This  is  shot  we  aanagsd  to  achieve  an  the  production  aircraft. 

Let  ua  try  to  sae  why  these  crossed  coefficients  ware  important  on  the  prototype  aircraft. 

5.2  Value  of  coefficients  Cnt(  and  Cm  ft 

a)  Influence  of  the  incidence  on  the _ yaw  torgue  (Cno<  ) 

The  nuaerous  wind  tunnel  taste  have  been  carried  out  on  vary  different  configurations  of  the 

model  i 

-  with  and  without  engine  (airfraae), 

-  with  and  without  horizontal  stabilizer, 

-  for  various  tail-cone  configurations, 

-  for  various  sideslip  and  various  incidences. 

These  tests  have  revealed  that  the  airfraae  presents  a  wind  vane  effect  the  gradient  (Cn^)  of 
which  decreases  under  the  effect  of  incidence  :  at  strong  sideslips  (stabilized  sideslips)  the  yaw  return 
torque  due  to  sideslip  is  thus  already  very  sensitive  to  the  incidence.  The  addition  of  anginas  on  the 
model  tends  to  extend  the  effect  of  the  incidence  and  aake  it  wore  unifora  in  a  wide  range  of  pool ti vs 
sideslip  (sheet  14). 

This  effect  is  naturally  associated  with  the  direction  of  rotation  of  the  propeller.  Me  shall 
notice  that  the  addition  of  an  engine  has  an  important  effect  only  where  the  aircraft  incidence  incraasea. 

The  tail  cone  aodificatione  we  will  deal  with  in  the  next  chapter  have  reduced  only  slightly 
this  gradient  . 

b)  Influence  of  sideslip  on  the  pitching  aoaent  (Cm  ft) 

Me  have  noted  in  the  wind  tunnel  that  the  pitch-down  aoaent  due  to  sideslip  already  existed  on 
a  model  with  no  engine  as  well  as  on  a  model  without  horizontal  stabilizer. 

Me  notice  this  effect  on  all  aircraft  with  low  wings  (EPSILON,  A 300).  On  the  contrary,  ws  do 
not  meet  it  on  the  model  of  our  high  wing  aircraft  project  s  the  ATR  42  (commuter  aircraft)  The  initial 
characteristics  of  the  EPSILON  or  ATR  are  not  modified  by  their  models  being  equipped  with  a  horizontal 
stabilizer  at  the  middle  or  top  of  the  fin  :  the  sideslip  remains  neutral  on  the  pitching  moment  of  the 
ATR  ;  it  remains  pitch  down  on  the  EPSILON  prototype. 

On  the  contrary,  equipping  the  EPSILON  and  ATR  models  with  a  low  stabilizer,  corrects  the  Cmft 
effect  s  the  sideslip  pitch-down  effect  is  hardly  perceptible  on  the  EPSILON  (sheet  15)  j  the  sideslip* 
becomes  even  pitch-up  on  the  ATR  (sheet  16). 

6.  THE  SOLUTION  ;  THE  PRODUCTION  AIRCRAFT 

Considering  what  has  just  been  said,  one  will  understand  our  line  of  action  to  cure  this  "cock 
screw"  phenomenon. 

Action  took  place  on  two  fronts  s 

-the  fin  efficiency  has  been  increased  «  new  area,  new  aspect  ratio  (see  sheet  17), 

-the  horizontal  stabilizer  has  been  lowered,  both  because  of  its  position  on  the  tail  cone,  and  of  the 
new  design  of  the  tail  cone  itself. 

Hind  tunnel  tests  of  such  a  configuration  have  revealed  a  25  %  increase  in  coefficients  Cn ft 
and  Cnr  on  the  are  hand,  and  a  very  important  decrease  in  the  coupling  term  product  Cn  ,  Cm  ft  ,  on  Che 
other  (see  sheet  18).  ' 

All  these  modifications  have  brought  the  aircraft  bach  to  an  acceptable  stability  range,  pre¬ 
senting  a  reassuring  safety  margin  as  indicated  by  the  criterion  we  have  defined. 

Simulation  tests  have  confirmed  the  validity  of  this  rule  (see  sheet  19).  finally,  test  flights 
have  proved  that  our  line  of  action  was  justified.  The  production  aircraft,  built  according  to  these  pre¬ 
cepts  (see  sheet  20)  gives  full  satisfaction. 

Our  satisfaction  is  justified,  all  the  more  so  as  we  have  managed  to  resolve  this  problsa  While 
keeping  what  had  been  judged  to  be  good  and  pleasant  in  the  prototype  flight  qualitiee. 

finally  if  we  realize  that  the  whole  operation,  from  the  discovery  of  the  phenomenon  on  the  pro¬ 
totype,  to  the  demonstration  of  its  cure  on  the  production  aircraft,  lasted  only  six  months  (Including 
Design  Office  analysis,  wind  tunnel  tests,  manufacturing  of  a  modofied  tail  cone),  one  will  understand  why 
we  condider  this  operation  to  be  a  success.  EPSILON  in  now  sold  to  the  french  Air  force  which  has  ordered 
150  aircraft.  The  1st  deliveries  are  scheduled  for  September  1983. 


Ref.  1  <  Use  of  the  bifurcation  theory  in  flight  mechanics 

ONERA  -  p.  GUICHETEAU  -  Novembre  1979  -  ref.  RT  2/7225  SY. 
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1.0  INTRODUCTION 

Tne  piloting  tasks  of  today's  multi-surface  high  performance  aircraft  are  becoming 
increasingly  complex.  Accommodating  multiple  axes  dynamic  coupling  has  become  more 
difficult  with  the  addition  of  direct  force  control  and  promises  to  become  more 
difficult  still  with  the  introduction  of  thrust  vectored  propulsion  systems.  The 
additional  capabilities  provided  by  direct  force  and  thrust  vectoring  while  increasing 
weapon  system  effectiveness  have  introduced  new  requirements  for  handling  quality 
specifications.  Central  to  the  adequate  treatment  of  these  new  requirements  are 
specifications  which  address  the  key  element  of  multi  axis  dynamic  coupling  and  high 
level  of  augmentation  in  the  flight  control  system.  These  two  elements  seriously 
challenge  the  utility  of  current  handling  quality  criteria  defined  in  Mil-F-8785B  and  C 
ano  in  Mil-F-9490. 

Handling  qualities  criteria  as  specified  in  Mil  F-8785  B/C  are  defined  primarily  from 
the  aircraft  transient  response  perspective.  This  assumes  single  input  types  of 
stimuli  and  that  eigenvalues  of  linear  fixed  point  models  (either  closed  or  open  loop) 
are  good  indicators  of  the  quality  of  response.  Gain  and  phase  stability  margins  as 
defined  in  Mil  F-9490  assume  decoupled  loops  which  can  be  analyzed  accurately  one  loop 
at  a  time.  Classical  frequency  response  techniques  developed  by  Bode  [1]  and  others 
are  the  basis  for  this  criteria. 

The  introduction  of  multi-input  coupled  dynamics  poses  a  problem  for  both  of  these 
criteria.  Multi-mode  command  augmentation  systems  with  high  levels  of  augmentation 
have  introduced  new  mocss  of  response  which  do  not  easily  fit  into  8785  criteria.  The 
notion  or  equivalent  systems  has  been  conceived  to  help  address  this  issue.  Dynamic 
coupling  in  multiple  control  loops  has  also  made  the  application  of  classical 
techniques  very  difficult.  Stability  margins  as  defined  by  9490  can  also  be  misleading 
for  systems  with  significant  dynamic  coupling. 

Over  the  last  two  decaoes,  modern  control  techniques  have  offered  the  promise  to 
relieve  the  design  problems  acrompa’.,y mg  multi-input  dynamically  coupled  systems. 
Optimal  control  synthesis  techniques,  primary  the  Linear  Quadratic  Gaussian  (LQG) 
approach,  are  structurea  to  directly  address  the  multi-input  transient  reponse  design 
problem. 

Control  designs  resulting  from  LQG  synthesis  were  also  initially  thought  to  have  very 
attractive  stability  robustness  proper t ies [ 2] .  Additional  research  determined  that 
these  properties  held  only  for  the  ‘full  state*  measurement  case  [3]  which  is  difficult 
to  achieve  in  practice. 

More  recently,  renewed  interest  in  robustness  has  spurred  a  rediscovery  of  the 
frequency  domain  as  an  insightful  medium  for  analyzing  multi-input  system  performance 
ano  stability  characteristics.  Additionally,  recent  research  has  determined  that 
bandwidth  may  be  a  good  indicator  for  specifying  handling  qualities  for  6DOF  systems 
1 4 J .  The  use  of  a  "bandwidth  hypothesis"  criteria  greatly  facilitates  design  of 
guiaance  and  control  augmentation  systems  because  similar  criteria  can  be  used  for 
either  manual  or  automatic  loop  closing. 

The  remainder  of  this  paper  is  devoted  to  how  modern  control  analysis  and  synthesis 
techniques  can  be  applied  in  the  frequency  domain  ano  likewise  tied  to  the  bandwidth 
considerations  tor  handling  quality  criteria  ano  ride  quality.  Section  2  contains  the 
control  perspective  for  multi-input  multi-output  systems.  Section  3  discusses  the  use 
ot  linear  quadratic  guassian  (LQG)  design  techniques  to  meet  frequency  domain  design 
goals.  An  example  ot  a  YF-4  (F-4  with  horizontal  cannards)  is  presented  in  Section  4. 
Conclusions  ano  recommendations  are  made  in  Section  5. 

2.0  CONTROL  PERSPECTIVE 

The  fundamental  goals  ot  control  of  physical  plants  ares 

o  Desireo  Command  Response 

o  Disturbance  Rejection 


*  The  authors  wish  to  thank  the  staff  of  the  Systems  and  Control  Sciences  Group  at  the 
Honeywell  Systems  &  Research  Center.  Particular  thanks  goes  to  Dr.  Joseph  E.  Wall  and 
Mr.  Stephen  G.  Pratt  who  assisted  in  the  design  example.  Research  supporting  the 
concepts  discussed  herein  was  performed >on  numerous  internal  research  projects,  US 
Office  of  Naval  Research  contract  N00014-75-C-0144  and  US  Department  of  Energy  contract 
ET-78-C-01-3391. 
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We  can  ado  the  basic  plant  stability  to  this  list  if  the  uncontrolled  plant  is  unstable. 

The  problem  is  to  achieve  these  specified  performance  objectives  from  an  incompletely 
known  aircraft  in  the  face  of  uncertain  disturbances.  Such  a  problem  invariably  forces 
the  use  of  feeoback.  The  effect  of  feedback  cn  aircraft  performance  is  such  an 
important  element  of  this  approach  that  a  review  of  the  fundamentals  is  required.  By 
examining  the  properties  of  feedback  in  a  general  setting,  without  regard  for  the 
technique  used  to  generate  the  feedback  law,  the  fundamental  relations  will  becosm 
evident.  We  will  be  highlighting  the  aircraft  flight  control  problem,  but  utilise  more 
general  concepts  described  in  mathematically  rigorous  detail  in  reference  5.  We  start 
with  a  discussion  of  Flying  qualities  and  Ride  quality. 

2.1  Flying  Qualities — MIL  8785C  [6]  provides  the  basic  specifications  for  good 

flying  qualities.  For  command  reponse  a  popular  interpretation  of  8785  involves 
requiring  the  C*  response  [7]  to  fall  within  the  envelope  of  Figure  1.  This  provides 
the  command  response  objective  which  will  be  fulfilled  by  the  control  system.  This  is 
a  weil-accepteo  criterion  for  rigid  aircraft. 

The  envelope  of  acceptable  time-domain  response  shown  in  Figure  1  can  be  represented 
also  in  the  frequency-domain.  The  control  system  must  ensure  that  the  actual  aircraft 
response  falls  within  this  envelope.  To  accomplish  this  objective,  we  use  both 
feedback  ano  precompensation.  In  the  frequency-domain,  the  effects  of  feedback 
and  precompensation  are  readily  understood  and  separated.  As  discussed  in  detail  in 
sections  2.3  and  2.4,  feedback  can  reduce  the  uncertainty  associated  with  our  nominal 
open-loop  mooel  over  frequencies  of  interest.  In  other  words,  it  ‘shrinks"  the 
envelope  of  frequency  responses.  We  must  use  enough  feedback  that  the  envelope  of 
closed-loop  responses  is  smaller  than  the  design  envelope.  The  sise  of  these  envelopes 
yield  frequency-domain  bounds  on  the  "size"  of  the  loop  gains.  Precompensation  is  then 
used  to  adjust  this  envelope  so  that  it  falls  within  the  design  envelope.  In  essence, 
precompensation  performs  a  band-limited  inversion  of  the  closed-loop  system  and  then 
inserts  the  desired  dynamics.  Precompensation  can  be  successful  only  after  sufficient 
feedback  has  been  applied.  The  feedback  design  process  is  explained  in  Section  3. 


Figure  1.  C*  Envelope 


2.2  Rloe  Qualities — There  are  a  number  of  ide  quality  indices  that  are  expressed 

as  rms  values,  as  limits  on  power  spectral  density  responses  (PSD)  or  as  weighted 
integrals  of  PSD.  The  U.S.  Air  Force  crew  ride  index  is  presented  in  MIL-F-9490  (8). 

A  discomfort  inoex  Dr  is  defined  asi 

t  1  1/2 

D  -  }  1  l  W(f)l2  IT  (f)  l  29  (f)dt  (1) 

i  CS  u 

0.1 

where 


kit) 


f 

*t 


Rioe  discomfort  index  (vertical  or  lateral) 

Acceleration  weighing  function  (vertical  or  lateral)  1/g,  Figure  2. 
Transmissibility  at  crew  station,  g/ft/sec 

Von  Karman  gust  power  spectral  density  of  Intensity  (vertical  or 
lateral  gust)  specified  in  MIL-F-8785 
Frequency,  Hz 

Truncation  frequency  (frequency  beyond  which  aeroelastic  responses 
are  no  longer  significant  in  turbulence) 
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Figure  2.  Acceleration  Weighing  Functions  18] 


For  oesign  purposes,  the  discomfort  index  can  be  used  to  generate  bounds  on  the  loop 
gains  to  achieve  acceptable  disturbance  rejection. 

2.3  Feedback  improves  Performance — A  typical  single-loop  feedback  situation 

for  C*  response  is  shown  in  Figure  3.  Here  we  have  disturbances  acting  on  an  aircraft 
to  upset  the  goal  of  tracking  the  command  C*c .  We  can  express  this  goal  as 
maintaining  C*  errors  smaller  than  a  specified  level,  e, 

IC*  -  C*c 1  £  c  (2) 
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Figure  3.  C*  Feedback  Loop 


It  is  assumea  that  measurements  of  C*  are  imperfect  because  of  sensor  dynamics  anu 
noise.  In  typical  teeaback  fashion,  the  sensed  response  is  compared  to  the  desired  or 
commanded  value,  and  the  error  is  used  by  a  controller  to  generate  a  control  signal  to 
anve  the  actuators  on  the  aircraft. 

Each  of  the  elements  of  this  loop  can  be  represented  by  its  transfer  function  relating 
the  LaPlace  transform  of  the  response  to  the  LaPlace  transforms  of  the  forcing 
function.  The  error  response  of  the  aircraft  to  commands,  C*c,  disturbances,  D,  and 
sensor  noise,  N,  can  then  be  developed  by  standard  feedback  equation  manipulation. 

Letting 

D0  »  GdD  «  Disturbance  as  seen  at  the  output  C*  in  the  absence  of  feedback, 

L  »  GKT  «  Feedback  loop  transfer  function  (i.e.,  transmission  around  the  feedback  loop) 
ano 

AT  »  T'true  *  T  ■  C*  sensor  uncertainty  we  get: 


1 

I+L 


c£>  - 


L 

1+L 


(N+ATC*c) 


(3) 


Tins  equation  relates  system  performance  to  each  error  source.  Its  various  terms  can 
be  interpreted  either  as  amplitudes  of  sine  waves  or,  more  generally  as  signal 
spectra.  In  either  case,  four  immediate  consequences  can  be  seen: 

Consequence  No.  1.  The  loop  transfer  function  must  be  large  to  achieve  small 
errors.  This  follows  from  the  first  term  on  the  right  hand  side  of  the  error 
equation.  In  fact,  in  oraer  to  meet  our  specified  error  level,  we  must  have: 

ID  -C*i 

ll+Li  >  ~ — —  «) 

Thus,  at  those  frequencies  where  either  the  disturbance  responses  or  the  commands 
are  large  compared  with  c,  we  require  L  to  be  large. 
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Consequence  No.  2.  Model  uncertainties  (errors  in  L)  Bust  be  saall  enough.  This 
follows  from  both  teres.  Letting  errors  in  L  be  AL,  these  terms  require  that  1  + 

L  +  Al  t  0  for  all  frequencies  and  all  AL.  One  way  to  ensure  that  this  is 
true  is  to  require  II  +  Li  >  IALI  for  all  frequencies  and  all  AL.  This 
is  a  statement  of  the  robustness  of  feedback  systems  and  quantifies  the  asmunt  of 
uncertainty  which  can  be  tolerated  without  loss  of  stability. 

Consquence  No.  3.  Sensor  noise  must  be  small  enough.  This  follows  from  the  second 
term,  which  requires  that! 


|^|  <  e  whenever  L  >>  1  (5) 

Consequence  No.  4.  Sensor  uncertainties  (errors  in  T)  must  be  small  enough.  This 
also  follows  irom  the  secono  term,  which  requires  that 

‘ -~T  1  <  -(■  c7  |  wnenever  L  >>  1  (6) 

this  result  specifies  the  uncertainty  which  can  be  tolerated  in  the  C*  measurement 
at  each  frequency. 


For  various  applications,  different  ones  of  these  consequences  are  are  of  dominant 
importance. 

2.4  Multi-inputs  ano  Multi-Outputs — In  the  minds  of  most  engineers,  these 

fundamental  consequences  of  feedback  are  associated  with  the  classical  single-input 
single-output  feedback  theory.  It  is  not  generally  recognised  that  they  are  equally 
true  for  more  complex  multi-input  multi-ouput  situations.  This  has  been  a»de  clear  by 
recent  research  on  extensions  of  classical  concepts  to  multivariable  problems  (5). 


Consequence  No.  1. 

Consequence  No.  2. 
Consequence  No.  3 
Consequence  No.  4. 


a  (I+L)  > 


I  ID  -C  II 
o  c 


o(I+L)  >  a  (AL) 
IT-1  Nil  <  e 
-  -1 


0(T  AT)  < 


I t  C* I  I 
c 


here  a  (•)  ano  a  (■)  are  the  maximum  and  minimum  singular  values  of  the 
inaicatea  matrices  ano  11*11  represents  the  magnitude  (norm)  of  the  indicated 
vector,  a  (*)  can  be  interpreted  as  the  maximum  gain  which  the  matrix  can  produce 
(at  a  trequency)  ana  a  (*)  can  similarly  be  interpreted  as  the  minimum  gain*. 

These  details  are  discussed  in  more  detail  in  reference  5. 


2.  b 


Multiple  Design  Goals 


In  sections  2.3  and  2.4  we  have  discussed  how  to  approach  single  and  multiple  input 
feedback  control  for  a  C*  design  effort.  To  incorporate  rioe  quality  into  the  design 
we  must  expana  the  feeaback  structure  shown  in  Figure  3  to  a  vector  performance  goal. 
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Figure  4.  Multiobjective  Design  Loop 


•Mathematically,  we  can  express  this  as  o(A)«max  I lAxl I  and  o(A)-min  I lAxl I 

lixil-1  I  I x I  I  “  llxll-1  II x  n 


The  performance  response  weighting  end  nB  is  w(s).  this  is  equivslent  to  the 
"acceleration  weighting  function"  for  vertical  vibration  of  Figure  2. 


Nor  king  these  into  our  analysis  we  arrive  at  an  expansion  on  our  "consequences  of 
ieeaback . " 

Consequence  No.  1 

1 1 D  *  i  I 

0  ( 1+L)  >  MX  OC 

w  T7 

Consequence  No.  2 

£(Hl)  >  0  (6L) 

Consequence  No.  3 

II  T~*il<  min  te  ,,e _ / 1 1 w ( s) 1 1 /  whenever  L  >>  1 

n  w  c  rq 

Consequence  No.  4 

—  -1  ec« 
o (T  AT)  < 

TTrjrr 

2.6  Graphical  lnterpretatlon--There  is  no  need  to  delve  into  the  intricacies  of 

Mtrix  theory  in  order  to  understand  the  fundamentals  of  feedback.  PerforMnce  can  be 
shown  graphically  by  plotting  the  right  hand  side  of  consequence  no.  1. 


Figure  5.  Design  Objectives 

Such  a  plot  is  shown  in  conceptual  form  in  Figure  5.  Magnitude  vs.  frequency  on  a 
log-log  scale  has  been  plotted.  Nind  gust  disturbances  have  been  plotted  according  to 
their  effect  on  the  C*  output.  Command  spectra  are  included  as  the  transform  of  the 
aesirea  response  to  C*-commands.  Likewise,  a  ride  quality  boundary  plot  completes  the 
right  hanci  siae  of  consequence  no.  1. 

It  the  Oab  line  is  insertea  on  Figure  b,  Consequence  No.  1  can  be  used  to  determine 
requirements  on  L.  In  particular,  t&t  those  parts  of  the  figure  which  lie  below  this 
line,  no  ieeaback  is  required,  i.e.  o(L)  can  be  less  than  1  at  those  frequencies, 
however,  tor  those  parts  which  lie  above  the  line,  we  require  o(L)  >  1  in  order  to 
reauce  errors  to  the  e-level  in  the  closed  loop. 

Consequence  No.  2  also  can  be  interpreted  graphically.  He  recognise  that  for  any 
physical  system,  the  uncertainty  associated  with  a  model  of  that  system  inevitably 
becomes  large  at  high  frequencies.  In  order  to  ensure  stability,  the  feedback  loop 
must  roll-off  before  the  Mgnituae  of  the  uncertainty  reaches  unity  and  it  must 
attenuate  quickly  enough.  This  attenuation  rate  is  the  uncertainty  associated  with  our 
design  mooel  and  is  plotted  in  Figure  5.  Stability  requires  that  o (L)  lies  below 
this  curve. 

These  observations  suggest  that  Figure  5  can  be  used  to  determine  graphically  tne 
suitability  on  any  L,  and  thus  of  any  compensator  K,  by  directly  sketching  the  singular 
values  of  L.  Such  a  plot  is  shown  as  Figure  6.  He  observe  that  it  is  desirable  to 
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Figure  6.  Trial  Design 

have  the  o(L)  lines  follow  as  closely  as  possible  to  the  disturbance  or  coassand 
Units.  This  nininizes  control  authority.  Also,  we  have  a  prior  assessment  of 
component  bandwidths  in  terms  of  performance  specifications  and  the  disturbance/cossMnd 
environment. 

This  discussion  has  addressed  fundamental  feedback  relations  which  must  be  obeyed  by 
any  control  system.  These  relations  hold  for  all  controllers  whether  designed  with 
mooern  or  classical  tools.  These  fundamentals  relate  the  size  of  disturbances  and 
commands  to  the  size  of  the  required  control  law.  They  provide  a  multivariable 
generalization  of  classical  single-loop  concepts  such  as  large  loop  gains  give  good 
performance.  To  be  successful,  a  design  technique  must  manipulate  the  shape  of  the 
loop  gains.  The  use  of  LOG  synthesis  to  provide  these  desired  loop  shapes  is  presented 
in  the  next  section. 

3.0  CONTROL  SYSTEM  DESIGN 

3.1  Feedback  Design  Objective — The  design  objective  of  a  feedback  control  system  for 
aovanceo  aircraft  can  Be  expressed  in  the  frequency-domain  in  terms  of  properties  of 
the  loop  transfer  matrix.  In  Section  2,  we  explained  how  model  uncertainties  and 
reduced-order  models  impose  limitations  on  the  loop  gains.  Specifications  on  handling 
qualities  ano  rioe  qualities  were  shown  to  translate  into  requirements  on  the  loop 
gains.  Summarizing  these  discussions,  the  feedback  design  problem  becomes  one  of 
finaing  a  compensator  K(s)  which  shapes  the  loop  transfer  matrix  G(s)K(s)  in  such  a  way 
that: 

1.  The  loop  gains  o(GK)  are  high  at  low  frequencies  to  meet  the  handling  qualities 
and  ride  qualities  performance  requireawnts. 

2.  The  loop  gains  o(GK)  are  low  at  high  frequencies  to  meet  stability  robustness 
requirements,  and 

3.  The  transition,  or  "crossover,”  between  these  two  regions  is  accomplished  in  a 
stable  manner. 

An  important  discussion  of  this  third  point  is  found  in  reference  [5).  This  frequency 
domain  interpretation  of  the  design  problem  was  illustrated  graphically  by  the 
multivariable  o-plot  shown  in  Figure  5. 

so  fat,  we  have  described  the  feedback  design  problem  as  a  design  tradeott  involving 
performance  objectives  ano  stability  requirements.  This  tradeoff  is  essentially  the 
same  tor  SI SO  and  MIMO  problems.  Design  methods  to  carry  it  out,  of  course,  are  not. 
For  scalar  design  problems,  well-developed  tools  (i.e.,  "classical  control")  exist 
which  permit  designers  to  construct  good  transfer  functions  for  Figure  5  with 
relatively  little  difficulty.  Various  attempts  have  been  made  to  extend  these  methods 
to  multivariable  design  problems:  "Single-loop-at-a-time"  methods,  the  Inverse  Nyqulst 
Array  Ifc)  methodology,  and  the  Characteristic  Loci  ( 10]  methodology.  These  methods  are 
based  on  the  idea  of  reducing  the  multivariable  design  problem  to  a  sequence  of  scalar 
problems.  It  is  shown  in  Reference  [5]  that  these  design  approaches  are  not  generally 
reliable  in  achieving  the  design  objectives  shown  in  Figure  5.  The  difficulty  ir  that 
the  selected  set  of  scalar  design  functions  are  not  necessarily  related  to  the  system's 
actual  feedback  properties.  Further  elaboration  of  this  point  and  an  example 
illustrating  the  problem  may  be  found  in  [5). 
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A  second  Hjoi  approach  to  multivariable  feedback  design  is  the  Modern 
Linear-Quadratic-Gaussian  (LQG)  procedure.  Honeywell  has  been  deeply  involved  in 
research  in  this  area  and  has  successfully  applied  the  methodology  to  numerous 
aerospace  systeas,  froa  the  19(8  flight  tested  B-52  LANS  Prograa  to  the  C-5A  ALDC8,  the 
YF-12  LANS,  the  J-85  engine,  and  the  P-4  lateral  axis,  the  P-8C  CCV,  the  HINAT  vehicle 
ana  Re-entry  Guidance  and  control.  These  experiences  have  brought  a  fundaaental 
reinterpretation  of  the  LQG  Methodology.  Mo  longer  is  the  Methodology  viewed  as  a  way 
to  optiaise  tiae  responses.  Rather,  it  can  be  as  an  effective  tool  to  do  Multivariable 
control  design  in  the  freguency-doaain.  This  new  LQG/frequency  doaain  philosophy  is 
discussed  in  the  following. 

3.2  LQG  Loop-Shaping 

A  detailed  description  of  the  Manner  in  which  LQG  can  be  used  to  solve  Multivariable 
trequency-aoaain  probleas  is  given  in  the  reference  (5).  The  properties  of  LQG  loops 
which  aake  effective  for  frequency -doaain  design  are  briefly  suaaarised  below. 

Me  will  aeal  with  the  standard  LQG  controller  configuration  shown  in  Figure  7.  This 
has  the  sane  structure  as  the  generic  control  systea  introduced  earlier  in  Figure  4. 

In  this  figure,  the  controller  is  treated  as  an  ordinary  finite  diaensional  linear 
coapensator  with  a  special  internal  structure  consisting  of  a  Kalaan-Bucy  filter  (XBF) 
cascaded  with  a  linear-quadratic  state  feedback  regulator  (LQR).  Standard  syaibols  will 
be  used  to  represent  these  eleaentS)  i.e.,  the  state  space  realisation  of  G(s)  is 
composed  of  the  matrix  triple  A,  B,  C,  the  control  gains  are  denoted  by  matrix  Kg, 
the  filter  gains  by  K£,  and  the  weighing  and  noise  intensity  matrices  by  Q,  R  and 
=,  6,  respectively. 
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Figure  7.  The  LQG  Feedback  Loop 

The  loop  transfer  properties  of  interest  are  those  corresponding  to  loop-breaking 
points  (i)  ana  (ii)  of  the  figure.  Two  other  loop-breaking  points,  ( i) '  and  (ii)'  also 
are  shown  in  the  figure.  These  are  internal  to  the  coapensator  and  therefore  have 
little  direct  significance.  However,  they  have  desirable  loop  transfer  properties 
which  can  be  related  to  the  properties  of  points  (i)  and  (ii).  Me  will  concentrate  on 
points  (ii)  ana  (ii)'  and  present  the  theory  for  these  points.  Me  return  to  points  (i) 
and  (i) •  at  the  end  of  this  section. 

FACT  1.  The  loop  transfer  function  obtained  by  breaking  the  LQG  loop  at  point  (ii)'  is 
the  LQR  loop  transfer  function  Kc(sl-A) “*B. 

Fact  2.  The  loop  transfer  function  obtained  by  breaking  the  LQG  loop  at  point  (ii)  is 
KG.  It  can  be  made  to  approach  the  LQR  loop  transfer  function  Kc(si-A)-lB 
arbitrarily  close  by  designing  the  KBF  according  to  a  full-state  loop  transfer 
recovery  procedure  due  to  Doyle  and  Stein  (11).* 

The  significance  of  these  facts  is  that  we  can  design  LQG  transfer  functions  on  a 
full-state  feedback  basis  and  then  approximate  them  adequately  with  a  recovery 
procedure.  This  robustness  procedure  has  been  demonstrated  for  wing  flutter  control 
112],  and  RPV  control  design  (13). 

Full-State  Loop  Transfer  Design- -The  intermediate  full-state  design  step  is  worthwhile 
because  LQR  loops  have  good  classical  properties  [14] -(!(].  The  basic  result  is  that 
LQR  loop  tanfer  matrices  T(s)  ■  Kc(sI-A)_1B  statisfy  the  following  return 
difference  identity  (12]  for  all  frequencies  u: 

(I+T(jw)  ]*R(H-T(JW)  ]-R+(H(  ju>I-A)  _1BJ*  [H  ( jw-A) -1B)  (7) 

wnere  htH»Q>0  is  the  state  weighting  aatrix.  Nhen  the  control  weighting  aatrix  is 
a  scalar  times  the  identity,  R-pI,  the  singular  values  of  the  transfer  function  T 
satisfy** 


*  This  requires  the  assumptions  that  G(s)  is  minimum  phase  and  has  at  least  as  many 
outputa  as  inputs 

**  Mon-laentity  R  matrices  can  be  substituted  in  B  by  letting  B*  ■  BR/2. 
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OilTOw)]  Z  a1lH(juI-A)"1Bl//  p 

whenever  the  right-hand-side  is  much  greater  than  1[5).  This  means  we  can  choose  p 
ano  H  explicitly  to  satisfy  the  low  frequency  performance  conditions  shown  in  Figure  5.* 

The  return  difference  identity  (6)  also  guarantees  that  the  LQR  return  difference 
always  exceeds  1,  i.e.,  o [I+T( ju) J*1  for  all  frequencies.  This  is  a 
multivariable  generalisation  of  avoiding  the  -1  critical  point  on  the  Nyquist  Dlagraa 
for  scalar  systeas.  It  implies  that  LQR  loops  provide  resonable  transition  or 
"crossover”  between  the  low  and  high  frequency  regions  shown  in  Figure  5. 

Finally,  we  note  that  at  high  frequencies  the  LQR  loop  approaches 


—  A, 

a  (T(ju)  j'V 


qjHBl 

pbl 


This  shows  how  the  high  frequency  roll-off  characteristics  are  related  to  p  and  H. 

This  is  a  relatively  slow  attenuation  rate  and  is  the  price  the  regulator  pays  for  its 
excellent  return  different  properties.  Me  recognise  that  no  physical  system  can 
maintain  indefinitely  a  1/u  characteristic.  This  is  not  a  concern  since  T(s)  is  only 
a  design  function  ano  will  be  approximated  by  the  full-state  loop  transfer  recovery 
procedure. 

Full-State  Loop  Transfer  Recovery — As  mentioned  earlier,  the  full-state  loop  transfer 
function  designed  above  for  point  (ii)*  can  be  recovered  at  point  (ii)  by  a  modified 
KBF  design  procedure.**  Special  noise  statistics  are  used  for  the  KBF  design.  The 
drive  noise  intensity  matrix  is  modified  as  S  ■  q  BBT  where  E  is  the  nominal 
noise  intensity  matrix  and  q  is  a  scalar  parameter.  Then  as  q  becomes  large,  we  know 
that  the  filter  gain  Kf  behaves  in  such  a  way  to  yield  loop  transfer  recovery  for 
point  (ii).  Mathematically  [13],  K(s)G(s)  ♦  Kc(sl-A)-1B  as  q  *  <■>. 

Based  on  the  above  summary  of  frequency-domain  properties  of  LQG  controllers,  the 
following  simple  loop-shaping  procedure  is  suggested. 

Step  1.  Design  a  LQG  with  p  and  H  selected  such  that  the  loop  transfer  function  T(s) 
meets  performance  and  stability  robustness  requirements  (Figure  5) . 

Step  2.  Design  a  sequence  of  KBF's  with  modified  driving  noise  intensity  matrix  ana 
the  parameter  q  allowed  to  take  on  consecutively  large  values. 

Step  3.  Select  an  element  of  the  resulting  sequence  of  transfer  functions.  K(s)G(s) 

-*  T  (s) ,  q  -*  «  which  adquately  approximates  the  desired  functions  over  the 
frequency  range  of  interest. 

An  design  objectives  including  nominal  stability  are  then  assured.  Our  conclusion  is 
that  LQG  represents  a  powerful,  general  tool  for  obtaining  multivariable 
frequency-oomain  designs. 

We  have  discussed  designing  a  full-state  regulator  and  then  recovering  the  full-state 
properties  with  a  Kalman-Bucy  Filter.  We  followed  this  approach  because  this  is  the 
usual  sequence  one  considers  for  LQG  design.  We  note  that  the  procedure  also  applies 
to  loop-breaking  point  (i)  in  Figure  7.  For  this  point,  however,  the  role  of  the 
filter  ano  the  controller  are  reversed.  We  begin  by  designing  a  KBF  whose  loop 
\  transfer  function  C(sI-A)~*Kf  (at  point  (i)')  has  good  frequency  domain 

i  properties.  Then  we  design  a  sequence  of  LQR's  which  serve  to  recover  this  function  at 

t  point  (i)  [5].  The  equations  for  this  alternate  procedure  are  mathematical  "duals"  of 

r  the  ones  given  above.  The  subtle  differences  between  the  two  procedures  are  discussed 

in  Ret.  [17] . 

' 

The  dual  procedure,  designing  the  filter  first  and  then  recovering  the  full-state 
properties  with  regulator,  is  more  compatible  with  the  objectives  of  this  paper  and 
will  be  used  for  the  control  design  task,  it  is  illustrated  in  the  following  aircraft 
design  example. 


*  it  also  may  be  necessary  to  append  additional  dynamics.  For  example,  to  achieve 
zero  steady-state  errors  may  require  additional  integrators  in  the  plant.  This  is 
equivalent  to  "frequency-dependent"  weighting. 

**  The  required  theoretical  assumptions  are  that  the  plant  have  at  least  as  many 
outputs  as  inputs  and  be  minimum  phase.  In  practice,  the  recovery  procedure  is 
effective  as  long  as  G(s)  has  no  right-half -plane  zeros  below  the  crossover 
frequency.  The  limitations  on  the  achievable  performance  of  feedback  systems 
because  of  non-minimum  zeros  is  discussed  in  reference  (15). 


21-9 


4.  Aircraft  Design  Example 


To  illustrate  tne  specification  interpretations  of  section  2  ana  the  LQG  loop  shaping 
methooology  of  section  3  a  pitch  axis  control  law  assign  is  presentea  in  this  section 
tor  a  special  version  of  the  F-4  aircraft.  Using  aata  from  reference  18  a  single 
night  condition  tor  the  YF-4  aircraft  (M*.6  at  Sea  level)  is  chosen.  The  YF-4  has 
twin  horizontal  canaras  which  can  be  useo  for  feedback  control.  The  short  period  moael 
with  actuator  dynamics  in  state  space  form  is 
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where  the  state  vector  is 


a«  angle  of  attack  -  rad. 
q  »  pitch  rate  -  rao/sec. 


i2<= 


stabilator  actuator  -  rad. 
canard  actuator  -  rad. 


ana  the  input  vector  is 


f.- 
1*0  ■ 


stabilator  commana  -  rad. 
canara  command  -  rad. 


] 


The  open  loop  vehicle  is  statically  unstable  with  short  period  poles  at  -4.464,  ana 
+2.0bb.  Outputs  available  through  sensor  measurement  are  pitch  rate,  q,  ana  normal 
acceleration,  at  tne  pilot  station,  nZD.  Assuming  no  sensor  dynamics  or  errors 


acwciciotiuiif  at  tuts  btatiufj*  “zp*  neeuiuiu^  iiu  eciieui  ujuawito  we  eiivio 

(noise  will  be  aoaressea  by  proper  attenuation)  these  outputs  are  related  to  the 
commana  specifications- of  C*  ana  nzp  (for  ride  quality)  as  follows: 


c* 

324  1 

q 

s 

_nZ£ 

1 

r-4 

_nzp_ 

Tms  transformation  of  the  sensea  outputs  to  command  outputs  properly  poses  the  problem 
in  the  appropriate  design  form  which  is  compatible  with  the  block  diagram  in  figure  4. 
This  allows  us  to  view  the  design  goals  highlighted  in  figures  5  6  6.  For  this  example 
we  have  chosen  to  design  a  level  1  C*  response  (in  addition  to  stabilizing  the 
aircraft).  Verification  of  ride  quality  is  beyond  the  scope  of  this  example. 


The  form  of  the  control  aesign  problem  requires  desired  loop  shaping  at  the  outputs  of 
the  plant.  We  must  therefore  use  the  dual  design  procedure  of  the  steps  outlined  in 
section  3  ana  start  with  the  Kalman-Bucy  filter  (KBF)  design.  Recall  that  the 
compensator,  K(s),  relates  to  figure  7  by  K(s)  “  Kc (sI-A+KfC+BKc) .  The  KBF 
assign  will  aesign  a  portion  of  the  compensator,  C(sl-A)Kf,  Kf,  which  is  robust  at 
loop  break  point  (i)'.  We  aesign  a  loop  which  is  robust  at  point  (i)  with  the  recovery 
step  (the  dual  of  step  #4  in  section  3)  giving  the  control  law  gain,  K,.. 


For  this  simple  example  we  have  chosen  the  two  singular  values  to  have  identical  1/s 
roil  off  from  . i  r/s  to  100  r/s  frequencies  ana  crossover  at  4  r/s.  Applying  this 
aesign  ana  using  the  honeywell  experimental  computer  aiaea  aesign  package  (HONEY-X) 
these  goals  are  approximately,  but  readily,  achieved  for  the  KBF  loop  as  chosen  in 
figure  6.  The  oifference  between  figure  8  ana  aesirea  1/s  rolloff  is  caused  by  the 
requirement  to  stabilize  the  unstable  vehicle  with  better  than  6db  negative  gain  margin 

UJ. 


Having  aesignea  Kj  to  shape  the  loops  achieved  in  figure  8  we  now  must  aesign  the 
optimal  quadratic  control  gain,  Kc.  As  outlined  in  section  3.  this  is  the  aual  of 
the  Doyle  robust  estimator  [11] .  This  involves  sequentially  lower  quadratic  weighting 
of  the  control  inputs  in  the  LQR  performance  index. 


without  getting  into  the'  intricacies  of  state  space  modeling  ana  Ricatti  equations  this 
exercise  can  be  summarizea  in  figure  9.  Figures  9a  through  9c  show  the  recovery 
process  for  successively  lower  control  weights. 


Figure  10  shows  the  final  feedback  loop  shape.  This  result  was  achieved  after 
compensator  oraer  reduction  and  additional  low  pass  filtering  applied  to  the  9c 
design.  Specifically,  the  LQG  design  produced  a  sixth  order  compensator,  K(s),  i.e., 
tour  states  for  the  aircraft  and  two  for  integral  control  at  low  frequency  in  both 
loops.  Three  of  the  compensator  roots  were  pushed  to  high  frequency  in  the  design 


Lee. 


lot  frequency 

Figure  8.  State  KBF  Design 
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rcoceas.  These  can  be  eliminated  through  residualisation.  Finally,  additional  rolloff 
o  eliminate  sensor  noiae  ana  achieve  added  robustness  to  high  frequency  bending  modes 
was  achieved  by  adding  a  50  rad/sec  low  pass  filter  to  each  sensor  loop.  The  point 
here  is  that  -  when  properly  designed  in  the  frequency  doaain  LOG  does  not  produce 
complicated,  high  order,  compensators. 

Consequence  #2  in  section  2  contains  a  robustness  requireaent.  Constructing  the 
apropnete  uncertainty  aoael  M,  is  difficult  and  was  not  atteapted  here.  The 
singular  values  of  I+GK  do  provide  robustness  insight,  however.  Figure  11  shows  the 
1+GK  singular  values  for  this  design  case.  Notice  that  at  Vi)>ll  rad/sec.  we  have 
£-.7.  This  can  be  viewed  as  the  ainiaua  distance  to  a  aulti-input  aulti-output 
critical  point  (-1)  ana  has  the  saae  useful  interpretation  as  gain  and  phase  aargins 
have  in  the  Nyquist  plane  for  single  loop  systeas.  For  exaaple,  o* . 7  aight  be 
interpretea  as  a  gain  aargin  of  10.5db  (if  we  conservatively  assume  a  phase  of  -180*) 
or  a  phase  aargin  of  41*  (if  we  conservatively  asauae  a  gain  of  1). 

Such  mterpreations  are  aatheaatically  aeaningless.  However,  the  point  is  that  gain 
ana  phase  aargins  are  aerivea  froa  the  notion  of  distance  froa  the  critical  point. 
Proponents  of  Nyquist  plane  and  Nichols  charts  interpretations  of  stability  aargins 
laplicitely  know  this.  The  ainiaua  closed  loop  singular  value,  o,  of  I+GK  is  aerely 
a  aultiloop  extension  of  this  basic  idea. 

Finally,  knownmg  that  we  are  robust  in  frequency  to  approxiaately  2  hertz  the  final  C* 
aesign  is  completed  with  the  appropriate  precoapensation  design  for  the  pilot  stick 
input.  Here  the  best  approach  is  to  exaaine  the  c£  to  C*  closed  loop  transfer 
function.  For  this  design  the  transfer  function  is. 

(S/ . 02+1)  (S/1. 06*1)  (S/3.89-*-!)  (S/5.28+1)  (S 2/89. l+S/17. 1*1) _ 

C*(s)  “  (S/1.7+1) (S/4.17+1) IS/4.77+1) (S2/109. 4+S/5. 9+1) (S/20.35+1) (S/41.8+1) 

A  pilot  stick  shaping  feedforward  transfer  function  of 


c  (8)  ,  1^58+1] - 

8  (S+l) (8/10+1) 

produces  a  level  1  C*  response  shown  in  figure  12  plus  good  pilot  input  attenuation. 


4.0  CONCLUSIONS 

Conceptual  descriptions  of  U.S.  ailitary  specifications,  C*  and  ride  quality,  have  been 
given  in  the  frequency  doaain.  The  control  law  designer  can  use  his  set  of  linear 
analysis  tools  to  analyze  and  design  control  laws  to  provide  the  appropriate  balance 
between  perforaance  requireaents  and  tolerance  to  existing  model  uncertainty.  New 
extensions  of  classical  frequency  doaain  tools  for  single  input  single  output  analysis 
to  aulti-input  multi-output  systems  have  been  discussed  based  on  singular  values. 
Singular  value  loop  shaping  via  a  new  interpretation  of  ‘‘Linear-Quadratic-Guassian* 
optimization  is  discussed.  Finally,  an  example  of  the  analysis  ana  design  principles 
is  presented  with  the  assistance  of  the  HONEY-X  software  package. 

Based  upon  these  findings  numerous  conclusions  can  be  drawn: 

o  Frequency  domain  interpretation  of  flying  quality  specifications  are  very 

meaningful  to  the  control  law  designer.  Guides  for  such  interpretations  (as 
conceptualized  here)  should  be  developed. 

o  Stability  margins  for  multi-input  multi-output  systems  based  upon  matrix  size 
measures,  such  as  singular  values,  should  be  developed. 

o  Multi  input  synthesis  tools  need  further  development.  LQG  has  demonstrated 
its  usefullnes8,  however,  more  loop  shaping  properties  need  to  be  developed. 

o  We  are  past  the  age  of  analog  computers  and  pencil  and  paper  designs  of  single 
loop  systems.  Sound,  numerically  stable,  analysis  and  synthesis  algorithms 
are  required  to  utilize  the  control  law  design  methods  described  herein.  CAD 
tools  such  as  HONEY-X  are  emerging  -  these  should  be  expanded. 

o  Future  updates  to  military  specification  to  incorporate  ideas  such  as 

described  here  should  be  examined  jointly  by  the  handling  quality  and  control 
design  specialists. 


lot  frequency 
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ANALYSE  DU  ROLE  DES  ASSERVISSEMENTS  POUR  UN  AVION  SUBSONIQUE 
A  STABILITE  LONGI TUDINALE  REDUITE 
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SOMMAIRS 

Introduits  essentiellement  pour  restituer  des  qualitAs  de  pilotage  acceptables  A  des  centrages 
arriAre,  les  asservissements  de  la  commande  de  profondeur,  grAce  A  leurs  nombreuses  possibilitAs  seront 
utilises  afin  d'amAliorer  au  maximum  le  confort  du  pilotage  de  l'avion. 

AprAs  avoir  prAsentA  successivement  les  diffArents  types  d 'asservissements  : 

-  AlAmentaires  :  dont  le  rflle  est  de  moduler  la  position  des  points  fondamentaux  de  l'avion, 

-  AlaborAs  en  pente  :  dont  la  fonction  est  d'assurer  1 'autotrim  de  l'avion  ou  le  maintien  de  la  pente, 
une  adaptation  A  un  avion  A  stability  longitudinale  rAduite  du  type  AIRBUS  sera  fournie. 

1.  INTRODUCTION 

La  conception  d'un  avion  de  transport  subsonique  A  stability  longitudinale  rAduite  permet  d'escomp- 
ter  des  gains  en  performances  non  nAgligeables,  mais  au  detriment  des  qualitAs  du  pilotage  d’un  avion 
qui  resterait  AquipA  de  commandes  de  vol  classiques. 

La  recherche  de  la  consommation  minimale  en  croisiAre  conduit  A  faire  voler  les  avions  A  des  cen¬ 
trages  inconpatibles  avec  des  commandes  de  vol  classiques.  La  restitution  de  qualitAs  de  pilotage  accep¬ 
tables  necessite  1 'introduction  d 'asservissements  dans  la  commande  de  profondeur.  Toutefois,  si  cette 
derniAre  peut  Atre  mAcanique,  les  possibilitAs  offertes  par  ces  asservissements  ne  seront  rAellement 
exploitAes  qu'au  travers  de  commandes  de  vol  Alectriques. 

2.  RAPPEL  DES  PHENOMENES  LIMITES  RENCONTRES  EN  ynt 

On  peut  determiner  pour  un  avion  diffArents  points  caractAristiques,  tels  que  : 

-  foyer  en  vitesse  (Ev) 

-  point  de  manoeuvre  (Eq). 

Pour  un  avion  de  type  AIRBUS  (bimoteur  sous  voilure),  dont  la  position  de  ces  diffArents  points 
caractAristiques  en  croisiAre  est  donnAe  sur  la  planche  1,  le  recul  du  centrage  au-delA  de  ces  points 
induira  les  phAnomAnes  suivants  : 

-  centrage  de  l'avion  (XG)  en  arriAre  de  Ev  : 

.  avion  instable  en  vitesse, 

.  couplaqe  entre  oscillation  d’ incidence  et  phugolde  avec  apparition  d’un  mode  apAriodique  pouvant 
Atre  i,  jtable  et  dont  le  taux  de  divergence  peut  gfiner  le  pilotage  ; 

-  centrage  proche  du  point  de  manoeuvre  : 

.  diminution  des  braquages  par  g, 

.  augmentation  des  temps  de  rAponse  avion, 

.  augmentation  du  taux  de  divergence,  soit  une  deterioration  notable  du  pilotage. 

Le  posit ionnement  du  centrage  en  avant  de  Ev,  impose  par  des  exigences  reglementaires  (stabilite 
de  l'avion  se  traduisant  par  un  effort  au  manche  repondant  au  critAre  de  la  livre  par  6  kts),  peut  ne  pas 
fitre  respecte  dans  une  situation  dAgradAe  de  pilotage  aprAs  panne.  Si  on  peut  toierer  un  certain  niveau 
d 'instabilite  pour  un  mouvement  A  longue  pAriode,  il  n'en  est  pas  de  mAme  pour  un  mouvement  A  pAriode 
plus  courte.  Dans  la  pratique,  cette  situation  qui  ne  se  rencontre  qu’aux  centrages  arriAre,  ou  aprAs 
dAgAnArescence  de  la  phugolde  et  de  1 'oscillation  d'incidence  apparaissent  des  modes  apAriodiques  insta¬ 
bles,  limitera  la  valeur  maximale  arriAre  du  centre  de  gravitA.  Au-delA  de  cette  limite  le  maintien  en 
vol  de  l'avion,  mAme  pendant  quelques  minutes  seulement,  risque  dans  certaines  conditions  de  ne  plus 
Atre  possible. 

Nous  verrons  dans  la  suite  de  cette  communication  que  l'on  peut  considArer  Agalement  un  autre  point 
fundamental  :  le  foyer  en  incidence  (Fix  ),  celui-ci  permettant  de  caractAriser  1  'amortissement  de  l'oscil 
lation  d'incidence. 

L'on  ne  devra  pas  perdre  de  vue,  lors  de  la  conception  de  systAmes  dAplagant  A  volontA  les  points 
caractAristiques  (Ev,  E<x  ,  Fq),  que  compte  teriu  de  1 'AventualitA  de  pertes  partielles  et  totales,,momen- 
tanAes  ou  dAfinitives  de  ces  aides,  le  pilotage  de  l'avion  dit  "naturel"  doit  Stre  pris  en  considAration. 

3.  DEFINITION  DES  ASSERVISSEMENTS 

Nous  distinguerons  deux  types  d 'asservissements  : 

-  AlAmentaires, 

-  AlaborAs. 

3.1  A93ervi38ement3  AlAmentaires 

On  appelle  asservissements  AlAmentaires  les  asservissements  de  la  commande  de  profondeur  ; 

-  A  la  vitesse  de  tangage  (q), 

-  A  1  'incidence  («r  ) 

-  6  la  vitesse  longitudinale  de  l'avion  (V) 

-  A  toute  combinaison  de  ceux-ci  (par  example  le  facteur  de  charge  (n«))  utilisAs  tels  quels,  sans  filtre 
par  simple  braquaqe  proportioned,  soit  par  exenple  : 

6q  (braquage  de  la  gouverne  de  profondeur)  =  Kq.(q)  +  Ko(  .(  A  o<  )  +  Kv.(Av) 


I 
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Ces  asservissements  ont  la  propriety  de  conserver  aux  Equations  qui  rdgiasent  le  mouvement  longitu¬ 
dinal  de  l'avion  asservi,  la  mdme  structure  que  celle  des  Equations  reprdsentant  le  mouvement  longitudi¬ 
nal  de  l'avion  natural. 


Une  formulation  matricielle  de  cette  structure  est  prdsentde  ci-a prfes  : 
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La  seule  difference  entre  avion  naturel  et  avion  asservi  rdsidera  dans  la  valeur  des  termes  mv,  m*  , 
et  mq  :  les  asservissements  dldmentaires  permettant  de  moduler  A  volontd  ces  coefficients. 

On  aura  par  exemple  : 


m'v 

=  mv 

+  m  &  q 

.  Kv 

in'* 

-  "V* 

+  mfi  q 

•  K«( 

m'q 

=  mq 

+  m  S  q 

.  Kq 

Conservant  une  structure  "naturelle",  les  points  caractdristiques  Fv,  F^  ,  Fq,  pourront  dtre  redefi¬ 
nis  pour  l'avion  asservi,  ceci  permettant  de  rattacher  la  valeur  des  asservissements  &  des  rdalitds 
"aerodynamiques" . 


A  partir  des  formulations  approchdes  donnant  la  position  de  ce3  points  fondamentaux  en  fonction  des 
caractdristiques  aerodynamiques  principales  d'un  avion  de  type  AIRBUS  (cf.  planche  2),  pour  illustrer 
cette  situation,  il  est  fourni  sur  la  planche  3  1 'influence  des  asservissements  sur  la  position  de  ces 
points. 


3.2  Asservissements  dlabords 

Nous  verrons  plus  loin  que  les  asservissements  dldmentaires,  s’ils  permettent  de  stabiliser  1 'oscil¬ 
lation  d 'incidence,  d 'uniformiser  les  efforts  par  g,  de  reconstituer  une  stabiiite  statique,  en  aucun  cas 
ne  jouent  le  rflle  d'autotrim.  C'est  au  pilote  lui-mdme  de  trouver  son  braquage  d'equilibre,  celui-ci 
etant  trimme  afin  de  piloter  autour  d'un  zdro  d'effort. 

Or,  les  variations  du  braquage  d'dquilibre  jont  frequentes.  Ainsi,  cheque  fois  que  la  vitesse,  la 
configuration,  la  poussde,  la  valeur  du  vent  dvoluent,  1 'intervention  du  pilote  pour  maintenir  la  pente 
de  vol  A  effort  moyen  ou  mane he  nul  est  ndeessaire. 

Afin  d'dviter  ces  actions  pilote,  on  pourra  automatiser  cette  fonction  par  des  asservissements  A  la 
pente,  du  type  trim  autometique  ou  maintien  de  pente. 

321  Trim  automatigue 

Cet  asservissement  sommaire  A  la  pente  consiste  A  trouver  la  position  d'dquilibre  de  la  commands  en 
sortie  d'un  intdgrateur  dont  l'entrde  est  le  facteur  de  charge  normal  nz  compensd  de  la  pesanteur,  et 
reconstitud  A  partir  de  la  detection  de  1 'evolution  de  la  pente  (cf.  planche  A).  A  toute  variation  de  la 
pente  corresponds  une  modification  de  la  position  moyenne  de  la  commsnde,  de  fag  on  A  assurer  un  vol  A 
pente  constante. 

L 'intdgrateur  permet  au  pilote  de  ne  disposer  que  d'une  seule  commands  de  profondeur  dont  le  zdro 
d'effort  correspond  toujours  A  l'dquilibre,  quelle  que  soit  la  pente  de  la  trajectoire  choisie.  La  sortie 
de  1 'intdgrateur  joue  seulement  le  rfile  de  trim  autometique,  et  non  celui  de  maintien  de  pente,  puisque 
pour  toute  perturbation,  l'avion  se  restal'ilise  sur  une  pente  autre  que  celle  initials. 

Afin  de  remddier  A  cette  situation,  un  asservissement  permettant  de  maintenir  la  pente  sdlectde, 
pourra  dtre  rajoutd.  La  commande  ainsi  rdalisde  sera  du  type  maintien  de  pente. 

322  Asservissement  du  tyge  maintien  de  gente 
A  partir  : 

-  d'un  asservissement  a33urant  un  trim  autometique, 

-  d'un  asservissement  permettant  de  maintenir  la  pente  sdlectde, 

on  pourra  rdaliser  une  commande  dont  le  principe  est  le  suivant  (voir  planche  5)  s 

-  sans  action  du  pilote,  l'avion  suit  une  pente  de  rdfdrence  isrposde  qui  est  celle  acquise  par  l'avion  au 
moment  ou  le  pilote  ldche  la  commande, 

-  sur  action  du  pilote  sur  le  manche,  par  suppression  de  1 'asservissement  Ky.  (i-  t  commandde ) ,  l'avion 
dvolue  suivant  une  commande  de  type  trim  automatique. 

4.  ETUDE  DES  ASSERVISSEMEN1S  ELEMENTAIRES 

Nous  avons  vu  prdeddemment  que  les  asservissements  dldmentaires  permettent  de  ddplacer  les  points 
fondamentaux  (Fv,  F*  ,  Fq)  de  l'avion.  Cette  propridtd  sera  utilisde  pour  ddfinir  la  valeur  des  asservis¬ 
sements  en  dvaluant  le  positionnement  optimum  de  ces  points  fondamentaux  en  fonction  s 

-  des  caractdristiques  statiques  (braquages  par  g  et  par  V), 

-  des  caractdristiques  dynamiques  (temps  de  rdponse,  amortissement  des  modes), 

que  1 'on  ddsire. 
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4.1  Caractdriatjgues  statiquea 

Lss  caractdristiques  statiquea,  4  aavoir  les  braquages  par  g  at  lea  braquages  par  V  (relation  tra- 
duisant  la  stability  atatique)  sont  directement  proportionnelles  reapectiveaent  aux  distance*  FqXG  (Marge 
de  manoeuvre)  et  FvXG  (marge  atatique).  Nous  nous  propoeona  de  rechercher  ci-aprda  le  positionnement  op¬ 
timal  des  points  Fq  et  Fv. 


41 i  P2fitionnement_du_goint_de_raanoeuvre 

Pour  un  avion  de  transport  subsonique,  compte  tenu  des  dif fdrentea  possibility  de  chargement  de 
l'avion  (passagers,  fret,  carburant),  la  position  du  centre  de  gravitd  peut  dvoluer  d'un  vol  4  1 'autre 
dsns  des  proportions  non  ndgligeables.  11  en  rdsulte  une  variation  de  braquages  par  g  entre  cent  rage  a- 
vant  et  centrage  arridre  d'autant  plus  grande  que  le  point  de  manoeuvre  eat  avant. 

On  peut  espdrer  rdduire  la  dispersion  des  efforts  par  g  entre  centrage  avant  et  centrage  arrlfere  en 
utilisant  une  sensation  artificielle  d' ef forts dont  la  raideur  eat  modulable  avec  le  centrege  de  l'avion. 
Pour  un  avion  AIRBUS,  en  croisidre,  pour  des  braquages  par  g  variant  avec  le  centrage  dans  un  rapport  de 
1  4  2,  on  peut  espdrer  des  efforts  par  g  quasiment  identiques. 


Dans  le  cas  d'un  avion  4  stability  rdduite,  la  plage  de  centrage  eat  ddcalde  vers  l'arridre,  sans 
pocr  autant  que  le  point  de  manoeuvre  de  l'avion  nature!  soit  modi fid.  Par  exeaple,  pour  un  recul  de  la 
plagt:  de  centrage  de  10  X  de  CAM,  les  marges  de  manoeuvres,  done  les  braquages  par  g  entre  cent  rages  a- 
vant  etvarridre,  varient  dans  un  rapport  de  1  &  4.5,  rapport  difficilement  rdsorbeble  par  une  sensation 
artificielle  d'efforts. 

Done,  ai,  moina  pour  des  probldmes  d'efforts  par  g,  il  sera  ndeessaire  de  reculer  le  point  de  Manoeu¬ 
vre  de  l’avion,  ceci  pouvant  dtre  obtenu  par  un  asservissement  de  o(  ,  q  ou  nz.  Un  recul  de  10  2  de  ce 
point  permettra  dt  retrouver  la  situation  de  l'avion  AIRBUS  (Cf.  planche  6).  Une  solution  plus  astucieuse 
sera  de  moduler  le  d<5olacement  du  point  de  manoeuvre  avec  le  centrage,  le  recul  de  10  2  n'dtant  atteint 
que  pour  le  centrage  arridre.  Cette  solution  permet  avec  le  minimum  d 'asservissement,  d'homogdndiser 
&  la  foisles  braquages  et  les  efforts  par  g  (Cf.  planche  6). 

Une  autre  solution  pour  uni formiser  braquages  et  efforts  par  g  est  tout  naturellement  de  translator 
de  fag on  importante  le  point  de  manoeuvre.  Cette  solution  n'est  toutefois  pas  sans  risque,  car  : 


-  l'autoritd  du  stabilisateur  devient  importante,  d'ou  des  probldmes  ddcoulant  d'un  dventuel  embarquement, 

-  les  gouvernes  peuvent  s'agiter  en  turbalence, 

-  la  constants  de  tenps  des  servocommandes  impose  une  limite  4  la  valeur  de  1 'asservissement. 


412  Positionnement  du  foj^er  en  vitesse 

Compte  tenu  de  la  situation  actuelle  des  rdglemer.fs  de  certification,  il  est  impdratif  de  justifier 
d'un  effort  par  V  respectant  le  critdre  de  la  livre  par's  kts. 


Dans  le  cas  d 'avion  non  asservi,  pour  certaines  positions. du  foyer  en  vitesse,  le  respect  de  cette 
exigence  ndeessitant  1  'augmentation  des  efforts  par  V  peut  condL-ire  4  durcir  plus  que  ndeessaire  les 
efforts  par  g,  compte  tenu  de  la  ddpendance  entre  les  efforts  par  g  et  par  V  explicitde  par  la  relation 
suivante  :  /  iu/u  r. .  XG 

~XG 


Effort/  AV/V 
CfforT7nz - 


/v  2 


(1) 


Cest,  par  exemple,  le  cas  de  l'avion  AIRBUS  aux  faibles  Mach.  Toutefois,  aux  ^ch  dlevds,  la  modifica¬ 
tion  de  la  raideur  en  profondeur  n'est  pas  suffisante  pour  respecter  ce  critdre.  En  effet,  1 'Evolution  du 
Cmo  place  Fv  trap  en  avant,  de  sorte  qu'il  est  illusoire  de  vouloir  obtenir  un  effort  par  V  d'au  moina 
1  livre  par  6  kts  sans  asservissement.  On  sera  amend  4  utiliaer  un  Mach  trim  qui  repositionnera  le  foyer 
en  vitesse  et  qui  permettra  1 'obtention  d'efforts  par  g  corrects  (Cf.  planche  7). 

v 

Cas  de  l'avion  a  stability  rdduite 


Pour  ce  type  d 'avion,  le  foyer  en  vitesse  de  l'avion  natural  peut  dtre  situd  en  tous  point. \  du  domai- 
ne  de  vol  en  avant  de  la  limite  arridre  du  centrage.  Il  semble  done  inpensable  de  vouloir  rdtabli.. une 
situation  correcte  (effort  au  mBnche  raisonnable  et  respect  de  la  livre  par  6  kts)  sans  1'aide  d'aaesr- 
vissements. 


On  pourra  profiter  de  1 'utilisation  de  ces  asservissements,  qui #rappelona-le, peuvent  dtre  modulds 
avec  le  centrage  de  l'avion,  pour  rdduire  les  efforts  par  g. 

Avec  un  rdglage  de  l'ordre  de  30  lb  par  g,  une  condition  sinple  pour  positionner  Fv  peut  s'explici- 
ter  sous  la  forme  suivante  : 

Fv  XG  v.  Vc  (kts) 

Fq  XG  ^  360 


4ij  Solution_minimale  gour  le  gositionnement  de  Fg  et_Fv 

Nous  venons  de  voir  que  le  respect  des  exigences  attschdes  aux  caractdristiques  statiquea  conduit  4 
ddfinir  une  solution  minimale  pour  le  positionnement  de  Fq  et  Fv. 

Cette  solution  minimele  pour  un  avion  4  stabilitd  rdduite  et  dans  un  css  de  vol  4  250  kts  est  prd- 
sentde  planche  8,  en  tenant  conpte  : 

-  d'un  positionnement  du  point  de  manoeuvre  permettant  d'homogdndiser  les  efforts  et  les  braquages  par  g 
avec  le  centrage  (Cf.  §  4.1.1) 

-  d'un  positionnement  du  foyer  en  vitesse  assursnt  i 

.  le  respect  de  la  livre  par  6  kts, 

.  un  rdglage  d'efforts  par  g  4  30  lb/g. 
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4.2  Caractdrlstique8  dynamlquea 

42i  ££ii$£S_i.52!E2_^S-Eft2!}22 

Las  temps  da  rdponse  (ou  pdriodes)  da  1 'oscillation  d' incidence  at  da  la  phugolde  dependent  res- 
pectivement  da  la  position  das  points  fondamentaux  Fq  at  Fv. 

Cea  deux  points  ont  dtd  positionnds  au  chapitrs  prdcddent  an  fonction  dea  caractdriatiquea  stati- 
quaa,  dans  une  solution  minimis.  L'dtude  at  1 'analyse  dea  caractdriatiquea  dynemiquea  permttro  au 
contraire  da  ddfinir  une  solution  mximala. 


11  eat  tentant  du  point  da  vue  du  raouvement  dynamique  da  1 'avion  d 'avoir  une  forte  marge  de  ma¬ 
noeuvre,  afin  de  diminuer  las  temps  de  rdponaa  de  cat  avion.  Rappelona  ft  cat  effet  qua  aur  un  dchelon  de 
la  comma nde  an  profondeur,  la  facteur  da  charge  eat  obtenu  dans  lea  ddlais  aul vents  s 

l,~ ’•5f77'ts-'F5T^'  1/1 


—  -,4.- 

/  ! 

/  i 


Cette  relation  est  illustrde  aur  la  planche  9  pour  1 'avion  AIRBUS. 

O'aucuns  trouveront  prdfdrable  d'avoir  un  temps  de  rdponse  court  at  uniform  dans  tout  la  domains 
de  vol.  Ceci  conduira  ft  augmenter  la  marge  de  manoeuvre  au  fur  at  ft  maure  qua  la  vitesae  diminue.  La 
recherche  de  temps  de  rdponse  courts,  ft  basses  vitesses,  conduit  ft  dea  marges  de  manoeuvres  ndcesaitant 
des  valeurs  d'asservissement  dont  une  limite  maximale  sera  irrposde  par  la  valeur  de  la  constants  de  tempa 
(*Csc)  des  servocommande8  de  profondeur. 

Pour  1 'avion  considdrd,  le  temps  de  rdponse  de  1 'oscillation  d'incidence  est  limitd  comm  auit  s 

tr>  14.1?  sc 

L'obtention  d'un  temps  de  rdponse  de  2,2  secondes  imposera  une  conatante  de  temps  de  aervocommnde 
de  l'ordre  de  0,16  seconds,  valeur  tout  ft  fait  compatible  avec  les  organes  de  puiaaanca  dquipant  la  pro¬ 
fondeur  de  l'avion  AIRBUS  (*C sc  =  0,125  a).  Cette  limite  serait  toutefois  sdvftre  pour  une  coamnde  de 
profondeur  utilisant  le  plan  horizontal. 

421.2  Poaitionnement  du  foyer  en  vitesse 

Autant  l'on  recherche  une  rdponse  rapide  en  facteurs  de  charge,  autant  pour  la  phugolde  1 'on  ddsi- 
re  une  pdriode  aussi  longue  que  passible,  caractdristique  d'une  stabilitd  statique  trfta  moddrde  at  dont 
le  niveau  minimum  est  imposd  par  le  Certificateur. 

Oe  plus,  il  est  prdfdrable  pour  la  facilitd  du  pilotage  de  bien  decoupler  phugolde  at  oscillation 
d'incidence.  On  essayera  de  respecter  la  relation  auivante  entre  les  pulsations  des  2  modes  > 


Wj» 


F?xc 

*  V  cz 


4  ■  2  •  (-v-) 


d'ou  la  relation  approchde  en  fonction  du  temps  de  rdponse  : 


V(m/s) 


Afin  de  respecter  la  niveau  de  stabilitd  statique  rdglementaire  (Cf.  §  4.1.2),  on  est  conduit  ft 
diminuer  le  temps  da  rdponse  de  1 'avion  de  telle  sorts  que  : 


tr<0,8 


Vc1  (kts) 


Le  respect  de  cette  condition  n'apparatt  limitatif  qu'aux  basses  vitesses  et  impose  par  example  ft 
125  kts  une  marge  de  manoeuvre  minimale  de  30  %  de  CAM  (Cf.  pi.  9). 

421.3  Conclusions  aur  la  position  de  Fq  et  Fv 


Ls  figure  9  ddfinit  un  domeine  dans  lequel  il  est  possible  de  positionner  Fq.  On  note  que  ce  dome! 
ne  est  restraint  ft  grandes  vitesses  pour  laiaser  place  ft  dea  possibilitds  varides  aux  basses  vitesses. 

La  position  de  Fv  ddcoule  de  Fq  i 

-  par  la  condition  de  stabilitd  statique  fq  Vg  '■'**  ^360^ 

-  par  la  condition  sur  le  temps  de  rdponse  de  l'avion  Vr 
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le  foyer  en  vitesae  de  1 'avion  natural  dependant  du  niveau  da  poussde  daa  aoteura ,  1 'asservisse- 
aant  an  viteasa  davra  done  Atre  modulA  a vac  la  rAgime  daa  antaura,  A  aoina  qua  la  double  inAgalltA  prA- 
cAdente  soit  toujoura  respect Ae  pour  la  game  dea  rAgimea  moteurs  A  conaidArar.  Une  aolution  aaxiaale  de 
poaitionneaent  de  ces  points  pour  un  avion  A  stsbilitA  statique  rAduite  eat  prAsentAe  planche  10. 

422  Amortissements 

Lea  points  fondamentaux  Fq  et  Fv  ayant  AtA  poaitionnAs  afin  de  rAgler  au  ntieux  lea  pAriodes  de 
1 'oscillation  d' incidence  et  de  la  phugolde,  nous  nous  intAresserons  ci-aprAa  aux  aaortiaaaaenta  de  ces 
nodes. 

422.1  Oscillation  d' incidence 

Si,  rAglementairement ,  on  exige  un  amortissement  minimal ,  on  s'attachera  pour  un  avion  asaervi  A 
le  porter  A  un  niveau  optimal  pour  le  confort  du  pilotage. 

A  marge  de  manoeuvre  donnAe  (Fq  positionnA),  le  niveau  d'amortissenent  souhaitA  aera  obtenu  par  un 
positionnement  judicieux  du  foyer  en  incidence  (F ct,  ). 

La  rAgle  A  respecter  sera  la  suivante  : 


1  + 


Fq  F<x 


?r<fy2/f>‘  f  •  CZ 


Fq  *g/£ 


1?  • 


p  2 

'y  /P 


#  .  C7 


Dans  le  cas  de  1 'avion  AIRBUS  cette  relation  illustrAe  sur  la  planche  11  permet  de  trouver  la  rela¬ 
tion  entre  FqF»<  et  FqXG  pour  un  amortissement  donnA  de  1 'oscillation  d'incidence. 

Nous  avons  vu  prAcAdemment  qu'en  croisiAre  la  solution  pratiquement  unique  pour  le  positionnement 
de  Fq  se  situe  autour  de  =  15  S  CAM,  ce  qui  iirpose  un  positionnement  de  Fo<  tel  que  CAM. 

On  peut  noter  au  passage  que  nous  nous  retrouvons  dans  la  situation  de  1 'avion  AIRBUS  au  centrage  arriAre. 

Dans  le  cas  d'un  avion  A  stsbilitA  rAduite,  centrA  A  45  S  de  CAM,  il  convient  de  reculer  le  foyer 
en  incidence  et  le  point  de  manoeuvre  de «v> 10  %  pour  retrouver  les  conditions  prAcAdentes.  Un  asservisse- 
ment  au  facteur  de  charge  aeul, auffit  done  en  croisiAre,  sans  besoin  d ’asservissement  en  q,  puiaque  Fq 
recule  avec  Fe<  (Cf.  planche  12).  Le  fait  de  crAer  une  marge  de  manoeuvre  de  15  S  par  un  asservissement 
en  q  seul, aboutirait  d'ailleurs  A  ne  pas  rAgler  correctement  1 'amortissement  de  1 'oscillation  d'inciden¬ 
ce. 

422.2  Phugolde 

La  question  de  1 'amortissement  de  la  phugolde  se  pose  diffAremment.  Pour  bien  l'amortir,  il  fau- 
drait,  soit  rAaliser  un  asservissement  A  la  penta,  ce  qui  sort  du  cadre  des  asservissements  A1 Amenta ires, 
soit  ne  pas  exiger  une  stsbilitA  statique  aussi  forte. 

En  fait,  on  peut  Atre  assurA  que  la  phugolde  sera  convergente  dans  la  mesure  oti  1 'on  aura  respectA 
les  rAglages  prAcAdents,  bien  que  son  amortissement  reste  trAs  faible. 

5.  ETUDE  DES  ASSERVISSEMENTS  ELABORES  DU  TYPE  AUTOTRIM 

Comme  pour  les  asservissements  AlAmentaires,  nous  allons  nous  intAresser  dans  ce  paragraphs  aux 
effets  d'une  commande  de  type  autotrim  sur  les  caractAristiques  statiques  puis  dynamiques  de  1 'avion. 

5.1  CaractAristiques  statiques 

5ii  Braguages_et_efforts_gar_g 

Tout  ce  qui  a  AtA  dit  dans  le  chapitre  4.1  concernant  le  positionnement  de  Fq  pour  les  asservisse¬ 
ments  AlAmentaires  reste  valable.  A  ssvoir  que  1 'on  peut,  comme  prAcAdemment,  dAfinir  une  solution  dite 
minimale  pour  positionner  Fq,  permettant  d'homogAnAiser  braquagea  et  efforts  par  g,  quel  que  aoit  le  cen¬ 
trage  de  1 'avion.  Nous  verrons  toutefois  d'aprAs  l'Atude  du  dynamique,  que  cette  solution  minimale  ne 
prAsente  pas  d'intArAt  pour  le  positionnement  optimum  de  Fq. 

Dans  le  cas  d'une  loi  de  pilotage  de  type  trim  automatique,  1 'asservissement  de  la  commande  de 
profondeur  au  facteur  de  charge  intAgrA  introduit,  par  rapport  A  la  structure  de  1 'avion  naturel  (Cf.  § 
3.1),  un  accroissement  en  pente  tel  que  : 


avec  mJJ  :  contribution  de  1 'asservissement  A  nz  dans  m^ 

■Jfot  :  constants  de  temps  de  1 'intAgration  d 'autotrim. 

La  matrice  des  coefficients  linAarisAs  de  1 'avion  se  prAsente  sous  la  forme  ci-dessous  i 


tv 

u 

•vO 

pv 

0 

P* 

~0 

-pv 

0 

-Px 

A,1 

mv 

my 

«•< 

mq 
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La  stability  statique  da  1 'avion  manche  libra  sera  doonSe  par  la  signs  du  determinant  da  (-A). 
Pour  un  avion  k  stability  rdduite,  ce  determinant  eat  ndgatif  dans  one  grands  partis  du  doMaine  de  vol, 
l'instabilit6  etant  due  aux  raisons  auivantes  t 


-  d'une  part  k  pente  libra,  nous  avona  vu  dans  l'ktude  des  asaervissements  61 kmentairen  que  1 'avion  k 
stability  rdduite  n'est  stable  que  dans  une  trks  faible  partis  du  doMaine  de  vol  ; 

-  d'autre  part  k  pente  iaposke,  1 'avion  eat  instabla  en  vitesse  pour  Isa  vola  k  forts  Cz,  au-delk  de  la 
finesse  maxi male. 


Dana  le  cas  present  cea  deux  effets  as  conjuguent  puisque  la  pente  de  la  trajectoire  n'est  pas  tout 
k  fait  '.ibre,  sans  fttre  non  plus  coaplktement  imposes. 


L 'analyse  de  1 'expression  du  determinant  de  (-A}  permet  de  faire  la  part  dea  deux  ph6nomknes. 
On  peut  exprimer  le  determinant  sous  la  forme  euivante  i 


det  C-A)  =  t  y  • 

Pv  P* 

+  HI  ^  • 

tv 

mv  rry 

pv 

** 

Pour  les  asaervissements  eiementaires  (my  =  0),  nous  avions  ddfini  le  positionnement  du  foyer  en 
vitesse  k  partir  du  ler  terms  de  ce  determinant  : 


Pv 

Pa 

mv 

">a 

Par  extension  pour  my  i  0,  nous  pouvons  dcrire  : 


CJ« 
’  CZ 


det  (-A)  =  2  •  ^j-MFv  XG  +  AFv) 


.  Fv  Xg) 


le  terms  A  Fv  chiffrant  la  part  de  l'effet  "second  regime".  II  est  possible  par  un  asservisaement  k  la 
vitesse  de  reatituer  un  effort  par  V  rkpondant  aux  exigences  reglementaires  (Cf.  plane he  13,  aais  avec 
1 'inconvenient  pour  le  pilots  de  devoir  se  retrimmer  k  cheque  changement  de  vitesse.  Ce  type  de  loi  a 
d'ailleurs  ete  essayd  sur  simulateur  de  vol.  II  va  sans  dire  que  les  r6glages  les  plus  agr6ables  pour  le 
pilotage  correapondaient  aux  valeurs  les  plus  faibles  pour  1 'aaservissement . 


5.2  Caracteriatiquea  dynamiquea 
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Par  rapport  k  un  systems  utilisant  des  asaervissements  616mentaires,  compte  tenu  de  la  presence  de 
1 'intdgrateur,  le  temps  de  rdponse  d'un  aystkme  k  asservissements  dlabords  est  augmente  k  merge  de  ma¬ 
noeuvre  donnde. 

Pour  1 'avion  k  stability  rdduite,  k  partir  des  rdsultats  de  la  planche  14,  on  constate  qu'il  faut 
s 'autoriser  des  marges  de  manoeuvres  quatre  fois  plus  grandes  que  celles  6valu6es  pour  les  asserviaaementa 
eiementaires,  et  ce  pour  un  mime  temps  de  rdponse. 

Dana  la  recherche  de  temps  de  r6ponae  courts,  ndeessitant  des  marges  de  manoeuvres  iaportantee 
(surtout  aux  basses  vitesses),  il  sera  imperatif  de  prendre  garde  aux  limitations  impos6es  par  la  cons¬ 
tants  de  temps  des  servocommandes . 

On  devra  respecter  la  condition  suivante  entre  tr  et  Tf  sc  :  tr~  25.  Vac,  ce  qui  nous  conduira 
k  disposer  de  servocommandes  plus  rapides  que  pour  lee  asaervissements  eiementaires. 

Quant  k  la  constants  de  temps  de  1  'intdgrateur  d 'autotrim  (VAT),  ells  est  like  au  tespa  ds  rdponoe 
par  la  relation  :  tr  ~  3.3.VAT.  Cette  conatante  de  teaps  6voluera  de  s 
-'  1  seconds  k  grandes  vi teases  (tr<v  3a)  k 
-1,6  seconds  aux  basses  viteases  (tr~  5s). 

Nota  :  On  se  contents  de  ce  temps  de  rkponse  aux  baasee  vi teases  afin  de  limiter  1 'autorite  das 
asaervissements . 

Coapte  tenu  dea  marges  de  manoeuvre  envisages a,  on  congoit  aiaSmant  i 

-  que  lea  reponeas  de  1 'avion  k  la  commands  pilots  sont  quaaiment  inaonoiblea  aux  variations  de  cant rage, 

-  que  le  ddcouplage  entre  oscillation  d 'incidence  et  phugolde  (positionnement  de  Fv  per  rapport  k  Fq)  set 
satiefait. 
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Lea  reeultata  de  1 'etude  dea  amortieaements  dene  le  cae  dee  eeeervlaeamante  elements tree,  k  savoir  i 

-  la  relation  ddfiniaaant  la  poeition  reapective  de  Fe(  par  rapport  h  Fq  et  XG  (Cf.  f  4. 2. 2.1)  dene  le  but 
d'asnrtir  convenabl ament  1 'oscillation  d' Incidence, 

-  lee  remarquee  faltea  au  aujet  du  reglage  de  1 'asurtiseement  de  la  phugolde, 
s'appliquent  k  ce  type  de  comamnde . 

6.  ETUDE  DCS  ASSCBVISSEHCNTS  DC  TYPE  HA1WTICN  DC  PENTE 

Nous  avona  vu  pr6c6demment  qua  pour  ce  type  de  commands  i 

-  sane  action  pilots,  1 'avion  euit  une  pente  de  reference  iapoede, 

-  sur  une  action  du  pilots  1 'avion  evolua  en  rdpondant  conformdment  k  une  comamnde  de  type  trim  automati- 
que. 

De  cette  situation,  il  rdeulte  que  i 

-  lea  reglages  6valu6s  pour  la  comamnde  dlte  de  trim  automatique  eont  velablea  (hormia  les  problkmea  de 
atsbilite  statique), 

•  eeul  le  reglage  de  l'aaaervlaaamant  en  pente  reste  k  ddfinir. 

Cat  aaservissement  k  la  pente  sera  rdgl6  tel  que  la  pulsation  de  coupure  de  la  dynemique  de  mein- 
tien  de  pente  («y)  eoit  2,5  fois  plus  lenta  que  cells  de  la  dynemique  da  le  bauds  de  base  (wnz),  eoit  t 

K*  *  g  •  ^  ("  *  •"  «/**>■ 


! 

i 
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6.1  Protection  do  dogging  et  stability  atatloue 

En  l'abeence  d'action  du  pilote,  1 'avion  aat  on  pur  mintien  da  panta.  II  aera  stable  ou  non  an 
vitesse  salon  qu'il  valors  au  lor  ou  2bm  regime.  Or,  si  1 'on  sjoute  on  tense  da  stability  en  vitaasa, 
on  annula  la  fonction  "mintien  da  panta".  II  serait  done  aberrant,  pour  ce  type  da  comas nde,  da  l'in- 
troduira  dans  la  domaine  nonsal  da  vol. 

Cependant,  compte  torn  du  fait  qu'une  action  pilote  conduisant  involontairement  b  une  variation 
da  pants,  risque  d'aoener  1 'avion  b  une  vitesse  en  dehors  du  domino  autorisd,  et  cels  mdme  ai  1  'avion 
eat  stable,  on  introduira  b  la  frontibre  du  domino  normal  da  vol,  un  term  da  stability  on  vitaasa  en 
la  rdglsnt  da  fa; on  b  ca  qu'il  assure  un  mintien  da  vitesse. 

Ky  2 

On  adopters  :  Kv  =  ^  ^  y  (Kv  en  g/m/sec),  ce  qui  correspond  b  un  rdglage  tel  qua  la  pulsa¬ 

tion  da  coupure  da  la  dynantiqua  du  mintien  do  vitesse  soit  2,5  fois  plus  lento  qua  cells  du  aaintien 
da  panta. 

Dans  ca  mintien  da  vitesse,  1  'asservissement  b  la  pente  eat  maintenu  a  vac  la  mdm  rdglage  pour 
servir  de  term  d'amortissement.  Dans  ce  rflle  on  l'affectera  done  d'un  filtre  passe-haut,  pour  laisser 
au  mintien  de  vitesse  la  liberty  d'amner  1 'avion  b  la  pente  adequate  (Cf.  plancha  15). 

7.  ADAPTATION  DE  CES  TYPES  DC  COWNDCS  PC  VOL  A  ON  AVION  CIVIL  DE  TRANSPORT 

Lea  diffdrents  asservissemnts  pr6sent6s  dans  cette  note  permttent  auivant  lour  niveau  d'autorit6 
et  de  complexity  de  restituer  das  qualitds  correctes  de  pilotage  quelles  qua  soient  lea  mrqes  statiques 
et  de  manoeuvres  de  1 'avion  sans  asservissemnts. 

Toutefois,  bien  qua  cela  soit  b  la  limite  du  sujet  de  cette  communication,  l’on  no  davra  pas  perdre 
de  vue  qua  1 'on  pout  se  trouver  en  vol  dans  des  configurations  de  pannes,  de  aorta  qua  1  Evaluation  du 
pilotage  dans  des  situations  dAgraddes  (perte  de  calculateurs  de  commodes  de  vol  par  example),  davra 
8tre  prise  en  considdration  pour  les  ddfinitions  de  1 'avion  et  de  1 'architecture  de  sea  commandos  de  vol. 

7.1  Cas  de  commandos  de  vol  mdcaniques 

Un  avion  b  stability  rdduite  diffbre  des  avions  classiques  par  le  fait  que  dans  une  grande  partie 
du  domaine  de  vol  et  de  la  plage  de  centrage  autorisde,  1 'avion  natural  prdsente  une  certaine  instability 
longitudinale. 

Suivant  que  le  centrage  avion  pour  un  chargemnt  donnd  : 

-  n'dvolue  que  trbs  faiblemnt  en  vol  avec  la  consommation  du  carburant, 

-  peut  dvoluer  en  vol  par  le  transfert  du  carburant  des  rdservoirs  de  voilure  vers  des  rdservoira  situds 
dans  la  partie  arribre  de  1 'avion,  et  vice  versa, 

le  niveau  d 'instability  acceptd  aprbs  perte  des  asservissemnts  sera  tout  naturellement  diffdrent. 

Ainsi,  dans  le  cas  ou  le  centrage  reate  fixe,  le  niveau  d 'instability  toldrd  devra  permttre  la 
poursuite  du  vol  et  1 'atterrissage,  alors  que  dans  le  cas  du  centrage  dvolutif,  le  niveau  d'instabilitd 
toldrd  devra  dtre  compatible  avec  le  mintien  en  vol  de  1 'Bvion  en  attendant  que,  par  transfert  du  car¬ 
burant,  le  centrage  revienne  vers  une  position  oil  1 'instability  de  1 'avion  est  plus  faible,  voire  nulla. 

Des  essais  conduits  aur  simulateur  de  vol  et  sur  un  avion  AIRBUS  ont  montrd  que  la  diffdrence  du 
niveau  d'instabilitd  acceptd  dans  les  deux  types  d'avion  peut  se  traduire  par  une  variation  de  5  X  de 
centrage.  L'on  devra  done  assurer  pour  cheque  ddfinition  avion  la  compatibility  consdquence  avion  - 
probability  d 'occurrence  de  panne,  ces  conditions  ddfinissant  le  centrage  limite  arribre  acceptable. 

7.2  Cas  de  commandos  de  vol  dlectriques 

Bien  qu'un  avion  b  stability  rdduite  peut  parfaitement  ae  concevoir  avec  des  commandos  de  vol  mdea- 
niques,  l'dvolution  de  la  technologie  conduit  b  essayer  de  les  remplacer  par  des  commndes  dlectriques, 
et  cela  pour  de  multiples  raisons,  telles  que  : 

-  gain  de  masse, 

-  diminution  du  prix  de  revient, 

-  amelioration  de  quality  de  pilotage  (seuils  et  frottemnts  rdduits,  braquages  par  g  homogbnes,  dimi¬ 
nution  des  problbms  lids  au  ddroulemnt  de  trim  ou  centrsge  avant...), 

-  meilleure  situation  en  turbulence. 

Si,  pour  un  avion  b  stability  rdduite,  l'on  craignait  dans  le  cas  des  commandos  da  vol  mdcaniquea 
la  perte  des  asservissemnts,  la  perte  de  la  comma  nde  et  ses  consequences  sur  la  definition  das  syatbma 
dtant  identiques  b  celles  des  avions  de  conception  classiques  dans  le  css  des  commndes  de  vol  dlectriques 
on  devra  tenir  compte,  dans  la  definition  de  1 'architecture  des  commndes  de  1 'avion,  de  1  Eventuality  de 
perdre  momntandmnt  ou  ddfinitivemnt  les  commndes  principales. 

Une  solution  possible,  pour  rdsoudre  cette  situation  de  panne,  sera  per  example  de  baser  1 'archi¬ 
tecture  des  comma ndes  de  vol  sur  un  pilotage  secours  avec  des  commndes  mdcaniques  t 

-  par  le  trim  de  profondeur  (le  plan  horizontal  rdglable  reste  commndd  mdcaniquement), 

-  par  la  gouverne  de  direction  (elle  reste  en  comnende  mdcanique)  dans  le  cas  oh  Is  commands  de  gauchis- 
sement  est  dlectrique. 

Des  situations  de  panne  moins  ddgrsddes  mis  correspondent  b  des  probebilitds  d 'occurrence  mol  ns 
faibles  seront  dgelement  b  prendre  en  coneiddratlon.  La  sdgrdgation  des  divers  circuits  et  la  dispersion 
des  diffdrentes  fonctions  et  asservissemnts  dsns  plusieurs  calculateurs  permttrontd 'assurer  la  corres¬ 
pondence  :  probability  d1 occurrence  de  panne  et  consdquences  avion. 

8.  PERSPECTIVES 
Associant  : 

-  gain  en  consommation  par  recul  moddrd  du  centrsge  en  vol,  sans  pdnslisation  sur  les  conditions  de 
chargemnt,  d'une  part, 

-  amdlloration  des  qualitds  de  pilotage,  diminution  du  codt  et  de  la  mass  de  1 'avion  par  utilisation  de 
commndes  de  vol  dlectriques,  sans  pour  autant  rdduire  le  niveau  de  sdcuritd,  celui-ci  dtant  asaurd  par 


un  pilotage  secoura  avec  des  commandos  mdcaniquea  sur  certaines  gouvemes,  d 'autre  part, 
cette  nouvelle  generation  d'aviona  devrait  voler  dans  lea  prochainea  annbea .  L 'experience  qui  sera 
acquiae  au  cours  de  milliers  d'heures  de  vol  sur  ce  type  d'atfronef  devra  pernettre  da  definir  1 'avion 
subsonique  de  transport  civil  du  futur,  celui-ci  etant  un  avion  volant  au  centra ge  optimum  du  point  de 
vue  de  la  consommetion,  avec  des  comma ndes  de  vol  entiferement  eiectriques  et  sans  le  secoura  de  noe 
vdtustes  cdbles, guignols  et  poulies. 

NOTATIONS 


V  Vitesse  de  1 'avion 

'1  Pente  de  la  trajectoire 

*  Incidence 

q  Vitesse  de  tangage 

nz  Facteur  de  charge  vertical 

Cz  Coefficient  de  portance,  reference  b  S 

Cz«  Gradient  du  coefficient  de  portance,  reference  6  S 

'll  Pousses  des  rdacteurs 
&  q  Braquage  de  la  gouverne  de  profondeur 
Py  Rayon  de  giration  en  tangage 
XG  Centre  de  gravity 

Fk  Foyer  en  incidence 

Fv  Foyer  en  Vitesse 

Fq  Point  de  manoeuvre 

ti  Coefficients  de  1 'Equation  lindarisde  de  trainee 

Pi  Coefficients  de  1 'equation  linearises  de  portance 

mi  Coefficients  de  1 'equation  lindarisde  de  tangage 

S  Surface  de  reference  de  la  voilure  principals 

SH  Surface  de  reference  de  1' empennage  horizontal 

lH  Distance  voilure  (25  S  CAM)  -  empennage  horizontal  (25  %  CAM) 

1  Corde  adrodynamique  de  reference  de  la  voilure 

CZ<H  Gradient  du  coefficient  de  portance  de  l'empennage  horizontal,  reference  b  Sh 
m  Masse  de  1 'avion 

/  Density  volumique  de  1 'air 

M  Mach 

Crtio  Coefficient  de  moment  de  tangage  b  portance  nulle 
In  Distance  verticale  des  moteurs  au  centre  de  gravity 
Cn  Coefficient  de  poussee  des  moteurs,  reference  A  S 

CZg  Gradient  du  coefficient  de  portance  de  l'empennage  par  rapport  b  6 q,  reference  b  Sh 
g  q  Acceleration  de  la  pesanteur 
Cx  Coefficient  de  trainee,  reference  b  S 
tr  Temps  de  rdponse 

fjc  Constants  de  temps  des  servocommandes 
fat  Constanta  de  temps  de  1  'autotrim 
»f  Pulsation  de  1 'oscillation  de  la  phugoide 
w*  Pulsation  de  1 'oscillation  de  1 'incidence 
VC  Vitesse  conventionnelle  au  carrigde 

(-A)  Determinant  caractdristique  des  equations  linbarisbes  de  1 'avion 
A  Matrice  dea  coefficients  linearises  ti,  pi,  mi 
y*  Amortissement  de  1 'oscillation  d 'incidence 
y y  Amortissement  de  la  phugoldf 


*/#  CAM 


Position  du  X  q 

cantra  de  ^ravili 


Avion  stable 
en  vttesee 


-  Avion  instab/e  I — De'ge'nerescence  des 
en  vitesse  oscillations  d ’incidence 

_  Phugoide  instable |  et  phugoide  apparition 
dun  mode  aperiodigue 
1  instable . 

1  -  B/vguagas  par  g 
|  Pa  idles  mats  de 
I  sens  correct- 

I 

I 

I 


Brafuages  par  g 
inverses 


Ranch* » 1.  Corrsspondanc*  *ntr#  ph4nom*n*s  airodynamiquss  st 
po*itionn»m*nt  des  points  caractiristiquos . 


^(SEH) 

Foyer  d*  I 'avion 
sans  empennage 


Fv  F* 

Fay  or  on  v/tosse  foyer  on  incidence 
j  c/e  /'av/on  eemp/et 


Plain?  e/e  manoeuvre 


ff/et  cab  rear  c/e  /a  poos  see 
effet  Cmo  (evolution  en  foncf/on  o/o  match  ) 

Planche:  2 .  Points  caracteristiques  de  (‘avion  naturel 


Afe  fe  ~  A  A  iiiaL  K* 
l  bsCx 

Distance  mod  tile  e  par  t/u. 


Avion  Nature/ 


fV-»*  Avion  ASUAVI 


moM*  j  iistmmt*  f>mr  Kf  j 

1  AfvFg  i  tgSe  tjfi 1  ! .  AU  F1  _  t  ittls  £ill  Ha ! 

_ l  ' «  £s  Cz  l  ~  v  Is  Cx  ^ 

Exempt*  d'eseerxiesement-.  J<f  +  ^  f 


Planch*.  3.  Influence  des  asservissements  sur  (a  position 
des  points  caracteristiques. 
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Honcho 


( ehtenu  a partir  do  rf-yj 


PI  an  che:  4.  Command*  de  type  “Trim  Automatique 


X-  X  command if 


Manche 

tvi 


J-'m 


-l 


n taort 


v*r* 


Commando  do 


Profondoor 


Kef - <J 


V 


( chhnu  d  Joartir  dr  yjJ 

hitSLi  Sor  action  do  f>i/oto ,  st/ff  notion  do  /mosorriosomont (f  -  X  commando)  Ky 


Planche:  S.  Commande  de  type  "maintien  depente* 
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Situation  da 
I 'avian  Airbus 
an  eroisitra 


10 


I 

« 


30 _ 4,0 

Xaa« 


**«-  ”x — i 

X,w*32% - J 


to 


X  CAM 


f  a)  tans  astervissemanf 

to  X*»j  o 


Situation  da 
t\ 'avion  d 
stabiliti  ridaita 


U0  X4M  f 0 _  SO 

/q  (avian  natural) 


X  CAM 


*- - **4,=m r. - J* 

b)  avte  assarviasamant  in  da' pendant  da  X4 

10  30  tO  to 


*«4V 

I 

(— 


**/*« 


<0 


x<f4»*  32  £ 


M44 


fjf  f  avion  aesarvi) 

•  irz  — -j 


avac  attarviasamanf  dependant  da  XQ 
to  Xt*30  40 


f 


X44«  90 _ *0  * 

•  r^lmttartti  »rm\  fa  lasiaeUitrZi) 
» - XnM'"%  "«i 


X  CAM 


X^4V*  *3/a' 


Note :  ^4vl1  marqa  da  manoeuvre  au  contnaae / 

Xf  4«J  lArr/ano 

Planche ■  6 .  Positlonnemont  minimal  du  point  do  manoouvro 


Cat  da  vot 


Vc  s  tfoKts 


30 


to 


to 


X  CAM 


re me  motaurmaxi  moata'a  Xg  44  FV  F<  Fq 

Sans  asservissamant 


effort /*v/y  n  FyXa 
effort/*}^  ff)t« 


/ 


f  efforts /j  den 
|  afforh/sv/v 


environ 


\ 


{efforts/a  d  environ  to  it/m 
effbrts/av/v :  ItbftKts 


eroutare 
Vc  m  300  Kt, 


30 


to 


fO 


%  CAM 


*t*a  f*  ff 

Fv  ouervi 


Pianche- 7.  Situation  do  t'avlon  Airbus  vis  a  vis  dos  offorts/g 
ot  «fforts/v  au  contrago  arriiro. 
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Fv  Ft j 


bo_*^h 

Avion  nature/ 


p  merge  ok  ma/xeumt/Xu*)- - «j 

\mr- marge  afa/igue  (XtAe)-»\  ! 

fv (****)  |  **(*«**)  Avion  ass* 


Avion  asservt 


merge  statyae {*+") . 


v*refa„) 


0  Ft/  :  peint  Je  manoeuvre 
A  Tr1  foyer  en  vitesse 

PlancheilO.  Posiiionnements  maximaux  des  points  Fv  et  Fq  pour  un 
avion  a  stabilite  reduite  a  Vc=  250kts. 


Sf*  Cl) 


Besses  vi  testes  f  •  4 


Crotsiere .  Ami 
r  * 


Ploncho-11.  Position  du  foyor  on  incidonco  on  fonctlon  dt  la  mar  go  do  manoouvro 
riglago  do  I'amortissomont  do  i’oscillation  d'incidonco. 
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Anon  acfuof  30 

to 

fO 

80 

non  asstrvi 

fit  fq 

t _ 8% - / 

Avion  a  stali/it*  30 

30 

TO 

to 

roduife,  non  assort" 

f*  x*  ff 

Avion  a  stokiJite  30 

30 

TO 

to 

mu~»  XtA„  Fml  fr 

- ft - 4  i 


if  01 


mode  mferiot/fgu* 
divergtnd 


i  Of  X  0-f 


Configuration:  croisi£r* 

Planche-12.  Positionnement  du  foyer  en  incidence. 

Regiage  de  i'amoriissement  de  I'oscillation  d'incidence 


(a  Fq  positionne). 


Vt 


Pianche:13.  Common  de  de  type  "Auto  trim  et  Stabilite  Statique4' 


i 


Comment) 'e 
Pro  fon  e/eur 
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ABSTRACT 

During  the  1970's,  the  AFFTC  (  Air  Force  Flight  Test  Center  )  at  Edwards  Air  Force 
Base  began  taking  a  significant  new  approach  to  handling  qualities  flight  testing.  New 
flight  test  and  analysis  techniques  were  developed  and  implemented.  These  techniques 
used  pilot-in-the-loop,  mission  oriented  tests  to  collect,  analyze,  and  evaluate  handling 
qualities  data.  These  test  and  analysis  techniques  have  had  a  profoundly  favorable 
effect  on  the  quality  of  test  results  obtained  at  AFFTC  and  on  our  ability  to  identity 
ana  evaluate  handling  qualities  problems.  We  believe  the  development  of  these  new  test 
ana  analysis  techniques  was  the  pivotal  development  of  the  1970’s  in  tne  field  of 
handling  qualities  flight  testing. 

Before  1971  the  AFFTC  relied  very  heavily  on  open-loop  handling  qualities  testing. 
The  data  from  these  tests  were  compared  with  the  flying  qualities  specification, 
MIL-F-8785,  to  determine  whether  or  not  the  handling  qualities  were  satisfactory. 
Limited  pilt :-in-the-loop  handling  qualities  testing  was  done,  but  not  in  a  systematic  or 
repeatable  way.  Pilot  compensation  (adaptation)  made  it  very  difficult  to  interpret  tne 
quantitative  and  qualitative  data  that  were  produced. 

In  1971  AFFTC  began  developing  the  pilot-in-the-loop,  mission  oriented  handling 
qualities  test  and  analysis  techniques  which  were  eventually  named  SIFT  (System 
Identification  From  Tracking).  SIFT  includes  specialized  flight  test  techniques  for 
collecting  data  and  relatively  sophisticated  frequency  domain  analysis  techniques  for 
data  reduction  and  evaluation. 

The  SIFT  data  collection  techniques  currently  include  several  specialized  and 
carefully  controlled  pilot-in-the-loop,  mission  oriented  tasks  such  as  precision 
air-to-air  tracking,  formation  flying,  air  refueling,  and  approach  and  landing. 
Specialized  piloting  techniques  were  developed  for  these  tasks  in  order  to  minimize  tne 
effect  of  pilot  compensation  (adaptation)  and  to  increase  the  likelihood  that  handling 
qualities  deficiencies  are  recognized  and  evaluated  by  the  pilot.  The  careful  controls 
placed  on  the  task  together  with  the  specialized  piloting  techniques  result  in 
quantitative  and  qualitative  test  data  which  are  repeatable. 

The  SIFT  data  analysis  techniques  include  the  use  of  spectral  estimation  methods  to 
identify  linear  frequency  response  transfer  functions  of  various  systems.  The  "system'' 
for  which  these  results  are  obtained  may  be  the  entire  airplane  (airplane  response  to 
pilot  input),  or  Borne  smaller  part  of  the  whole  airplane.  For  example,  system  transfer 
functions  for  the  flight  control  system  (control  surface  response  to  pilot  input) ,  or  for 
pilot/airplane  interfaces  such  as  a  head-up  display  may  be  identified. 

The  frequency  response  data  may  be  used  for  analyzing  handling  qualities  in  terms  of 
such  recently  developed  criteria  as  equivalent  systems,  Neal-Smith,  Ralph  Smith,  and 
bandwidth. 

The  quantitative  frequency  response  data  and  the  various  criteria  comparison  results 
may  be  correlated  with  the  qualitative  pilot  comments  to  provide  significant  insight  into 
hanaling  qualities  characteristics.  Because  all  of  the  data  were  obtained  during  tne 
same  pilot-in-the-loop,  mission  oriented  manuevers,  the  correlation  of  qualitative  and 
quantitative  results  is  especially  valuable. 


An  overview  of  the  evolution  of  handling  qualities  testing  at  AFFTC  is  presented*  wxtn 
emphasis  on  the  significant  changes  which  occurred  during  tne  1970's.  The  SIFT  handling 
qualities  test  and  evaluation  techniques  are  discussed,  but  without  going  into  great 
detail  regarding  the  analysis  techniques.  Examples  of  SIFT  test  results  are  presented 
ana  discussed. 


EARLY  (HANDLING  QUALITIES?)  TESTING  AT  MJROC 

If  you  believe  "war  stories",  flight  testing  in  the  early  days  at  Edwards  was  more 
fun,  less  structured,  more  relaxed,  and  more  dangerous:  in  a  word,  wilder.  (Reference  1 
gives  some  additional  insight.)  That  was  in  the  days  before  Edwards  was  called 
"Edwards"  and  before  it  was  a  Flight  Test  Center.  At  that  time  Edwards  was  called  Muroc 
Field  and  it  was  just  a  lonely  flight  test  outpost  of  Wright  Field. 

Nr.  Don  Button,  recently  retired  from  Edwards,  recounted  the  following  story  for  us. 
As  a  young  soldier  during  World  War  II,  Don  was  stationed  at  Kuroc,  assigned  to  tne  P-59 
test  program.  (The  P-59  was  America's  first  jet  fighter.)  One  of  Don's  duties  was  to 
take  data  during  the  test  flights,  a  duty  which  was  shared  with  tnree  or  four  ocher 
fellows.  To  accommodate  Don  and  the  other  human  data  recorders  a  hole  was  cut  into  tne 
nose  of  the  P-59  just  in  front  of  the  pilot's  windscreen  and  a  seat  was  installed  where 
the  guns  were  normally  located.  An  oxygen  system  and  an  intercom  were  installed  so  that 
they  could  breathe  and  talk  with  the  pilot,  the  sheet  metal  edges  of  the  "hole"  were 
coamed  with  leather  so  that  they  wouldn't  be  badly  hurt  it  the  flights  got  a  little 
rough,  and  a  small  windscreen  —  a  couple  of  inches  high  as  Don  recalls  —  was  installed 
to  deflect  the  airflow.  That  was  the  data  recording  "oftice"  in  the  airplane,  and  tnere 
Don  and  the  others  recorded  data  in  flight.  We  suspect  that  Don  is  one  of  the  very  few 
people  in  the  world  who  has  logged  genuine  open  cockpit  jet  time. 

Don  related  a  few  interesting  anecdotes  from  his  open-cockpit  time  in  the  P-59.  On 
one  occasion,  the  pilot  was  in  a  hurry  to  get  airborne  and  told  Don  to  come  along  and 
never  mind  bringing  his  oxygen  mask  since  they  wouldn't  be  climbing  above  10,000  feet. 
Aloft,  the  pilot  became  absorbed  with  the  tests  and  before  long  he  announced  to  Don  over 
tne  intercom  that  he  was  climbing  to  15000  feet.  Now  it  bo  happened  that  Don's  tnroat 
mike  had  failed  and  he  couldn't  talk  back  to  the  pilot,  but  Don  figured  that  shouldn't 
worry  him  excessively.  After  all,  he  thought,  Kt.  Whitney  is  almost  14,500  feet  high 
ana  ordinary  people  regularly  hiked  to  its  summit.  He  had  only  to  relax  and  breathe 
easily.  That  approach  worked  until  the  pilot  announced  that  he  was  going  to  climb  to 
20,000  feet,  at  which  point  Don  began  to  be  slightly  anxious:  the  air  was  already  pretty 
thin  at  20,000  feet,  and  what  if  the  pilot  decided  to  climb  to  25,000  feet  next?  Don 
considered  unbuckling  his  safety-belt  and  turning  around  in  his  seat  to  face  the  pilot. 
Perhaps  he  could  make  some  signal  which  would  remind  the  pilot  of  hiB  predicament.  He 
finally  decided  against  that  idea  for  two  reasons.  First,  what  it  the  pilot  rolled  tne 
airplane  while  he  was  unbuckled?  Second,  at  that  time  the  P-59  had  an  endurance  of  only 
about  halt  an  hour,  and  since  Don  had  timed  the  flight  as  part  of  his  data  recording 
procedures  he  knew  that  most  of  that  halt  hour  had  already  elapsed.  He  decided  to  wait 
it  out.  Sure  enough,  within  a  couple  of  minutes  one  engine  flamed  out,  followed  shortly 
by  the  other  engine.  They  glided  back  for  an  uneventful  dead-stick  landing  on  the  dry 
lake  bed. 

After  world  War  II,  America's  leading  aces  were  invited  to  Muroc  to  fiy  and  evaluate 
tne  P-59.  On  one  of  those  evaluation  flights  Don  relates  that  he  occupied  tne  open 
cockpit  cut  into  the  nose  of  the  airplane  and  Don  Gentile  occupied  the  conventional 
pilot's  position.  They  were  testing  the  airplane  over  a  bombing  range  near  the  town  of 
Mojave.  They  finished  their  tests  a  little  earlier  than  expected  and  Don  Gentile  asked 
Don  Button  what  he  would  like  to  do.  Don  suggested  they  might  fly  by  the  house  of  some 
friends  who  lived  at  Willow  Springs,  not  far  from  Rosamond.  And  fiy  by  they  did,  so  low 
that  Don  thought  they  would  surely  take  part  of  his  friends'  house  or  fence  with  tnem. 
According  to  Don,  the  flyby  was  equally  memorable  for  his  friends. 

Here  are  some  excerpts  from  another  story,  told  by  General  Chuck  Yeager  (Reference  2). 
The  Air  Force  had  taken  over  the  X-l  test  program  in  1947  and  Yeager  was  the  X-l  pilot. 
To  get  the  feel  of  the  airplane  (evaluate  its  handling  qualities?) ,  his  first  tnree 
flights  were  to  be  glide  flights,  carrying  no  fuel.  Remember  that  tne  X-l  was  carried 
aloft  under  a  B-29,  suspended  halt  within  and  halt  outside  the  B-29  fuselage.  Entrance 
to  the  X-l  cockpit  was  gained  through  the  side  of  its  fuselage.  Listen  to  General 
Yeager : 


"On  a  typical  flight,  we  would  load  the  X-l  under  tne  B-29  and  then  service 
it  with  liquid  oxygen  and  alcohol.  Then  the  crew  of  the  B-29  would  get  aboard 
the  aircraft  and  I,  as  the  X-l  pilot,  would  always  take  oft  in  a  position  just 
att  of  the  pilot  and  co-pilot  in  the  B-29  cockpit.  The  reason  for  this  was  the 
fact  that  the  X-l,  fully  loaded,  had  a  stalling  Bpeed  of  around  240  miles  per 
hour  and  the  climbing  speed  of  the  B-29  was  roughly  180  miles  per  hour  so,  it 
you  had  an  inadvertant  shackle  release  and  were  in  the  cockpit  of  the  X-l  at  an 
altitude  somewhere  below  10,000  feet,  you  would  end  up  in  an  inadvertent  spin 
with  no  time  to  recover  and  no  way  of  getting  out  of  the  cockpit. 


’During  the  climbout,  as  we  went  through  10,000  feet,  two  sergeants  -  there 
were  about  six  -  got  you  by  each  am  and  drug  you  back  into  the  boab  bay.  At 
this  point  you  put  on  a  seat-type  parachute  and  got  on  a  ladder  that  was 
■ounted  on  the  right  aide  of  the  boab  bay.  Usually,  Jack  Ridley  would  hang  on 
to  the  cable  and  let  you  down  on  this  ladder,  which  was  on  two  guides  which 
would  slide  you  down  into  the  slipatreaa  opposite  the  door  of  the  X-l  -  which 
was  on  the  right  side.  Once  you  got  in,  feet  first,  you  would  aquira  around 
into  position  and  then  put  on  your  shoulder  straps  and  safety  belt.  Rest,  they 
would  lower  the  door  down  on  the  guides  and  hold  it  against  the  side  of  the 
x-l.  You  would  lock  it  froa  the  inside  using  roller  locks  similar  to  the  type 
used  on  a  bank  vault.  At  this  point  you  put  on  your  helaet.  As  Bob  Boover 
will  remember,  in  the  early  days  and  even  during  the  first  flights  of  the  X-l, 
all  we  had  in  the  way  of  protective  gear  was  a  leather  World  War  Xi  helaec, 
with  the  top  of  a  football  helmet  cut  oft  and  snapped  onto  the  top  f>r 
protection  against  banging  your  head  on  the  top  of  the  cockpit,  a  plain  wool 
flying  suit,  and  a  leather  A-2  jacket  the  same  as  we  wore  during  World  War 
II.... 

’We  began  the  first  three  flights  on  the  X-l  and,  since  I  didn’t  have  any 
experience  in  that  type  of  aircraft,  the  first  three  flights  were  glide  flights 
without  any  fuel  aboard.  I  really  didn't  learn  a  lot  because  immediately  after 
the  drop  Bob  Hoover  would  jump  me  in  his  P-80  and  we’d  and  up  in  a  Lufberry  aad 
then  roll  out  on  the  deck  and  land.  [Emphasis  added.] 

The  first  powered  flight  that  I  made  in  the  aircraft,  we  dropped  at  2U,000 
feet.  There  were  four  switches  across  the  instrument  panel  that  were  used  to 
ignite  the  four  chambers.  I  could  start  and  stop  any  chamber  as  many  times  as 
I  wanted  -  or  until  I  ran  out  of  fuel.... 

On  the  first  flight,  I  dropped.  Ignited  one  chamber,  lit  oft  another 
chamber,  shut  that  one  off,  lit  another  chamber,  shut  that  oft,  and  then,  with 
one  chamber  running,  pulled  up  and  did  a  roll  [emphasis  added]  and  found  out  - 
my  first  experience  -  that  you  can't,  of  course,  operate  witn  liquid  oxygen 
under  zero-g  conditions  because  you  get  cavitation.  The  rocket  flamed  out  and 
as  I  rolled  level  again,  the  sensors  took  over  and  re-ignited  the  igniter  and 
the  chamber  fired  off  again.  That  was  my  first  lesson. 

■After  checking  out  the  four  chambers,  I  came  down  in  a  glide  across  Muroc, 
along  the  old  runway,  pulled  up  and  lit  off  all  four  chambers.  We  had  been 
told  rather  seriously  by  General  Boyd  ...  not  to  expose  ourselves  to  dangerous 
situations  with  the  X-l  because  safety  was  a  primary  factor  in  the  whole 
program  and  a  lot  depended  on  this  airplane.  In  fact,  our  whole  research  and 
development  program  in  aerodynamics  really  hinged  on  our  getting  the  X-l  up 
above  the  speed  of  sound.  Well,  when  I  lit  oft  all  four  chambers,  I  kept  tne 
nose  coming  up  so  it  looked  like  the  MB-163  coming  oft  the  deck.  As  it  got  up 
to  about  0.78  -  0.79  -  0.80  Mach,  in  order  to  keep  the  positive  g  on  the 
airplane,  I  pulled  the  nose  on  through  and  as  the  nose  started  down,  the  Mach 
number  kept  going  up,  obviously.  As  I  went  through  0.82  Mach  number  -  on  up  to 
almost  0.84  -  I  racked  off  the  switches  and  rolled  out.  I  jettisoned  tne 
remainder  of  the  fuel  and  came  down  and  landed.  Jack  Ridley  and  I  spent  three 
nights  writing  a  letter  to  General  Boyd  in  answer  to  his,  ’reply  by  endorsement 
as  to  why  you  exceeded  0.82  Mach  on  your  first  flight.’  that  was  the  most 
difficult  test  report  I  ever  had  to  write  because  there  was  no  excuse  in  the 
world.  But,  I  did  feel  at  home  in  the  aircraft  and  really  everything  worked 
beautifully. 

’So  the  program  started....’ 


The  relaxed  and  unfettered  atmosphere  which  pervades  General  Yeager's  recollection  of 
his  early  x-l  flights  may  or  may  not  have  been  completely  factual.  We  don't  know.  But 
can  you  imagine  similar  ’testing”  in  today's  programs?  What  it  during  the  space  shuttle 
approach  and  landing  tests  the  pilots  had  lifted  free  of  the  747  carrier  airplane  and 
done  a  rolll  Or  had  been  jumped  by  a  T-38  chase  airplane  and  ended  up  in  a  "dogfight”? 

We  suppose  it  is  the  sharp  contrast  between  yesterday  and  today  that  makes  yesterday  so 
intriguing. 


EVOLVING  STRUCTURE  OF  BAMDLIWG  QUALITIES  TEST  DIG  AT  TEE 
AIR  FORCE  FLIGHT  TEST  C BITER 

We  don't  know  whether  or  not  the  preceding  anecdotes  are  representative  of  all  early 
handling  qualities  testing  at  Wright  Field's  outpost  in  the  southern  California  desert. 
It  does  appear  though  that  soon  after  Edwards  became  the  Air  Force  Flight  Test  Center, 
handling  qualities  testing  began  to  take  on  a  more  structured  form.  We  should  point  out 
first  that  handling  qualities  testing,  then  as  now,  was  not  an  isolated,  disconnected  set 
of  tests.  Preliminary  handling  qualities  evaluations  were  conducted  very  early  in  the 
life  of  a  new  airplane,  or  of  a  new  variant  of  the  airplane.  "Complete”  handling 
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qualities  and  stability  and  control  tests  were  conducted  later,  after  the  Air  Force  bad 
taken  over  testing.  And  of  course  handling  qualities  feedback  occurred  during  the 
"operational*  portion  of  the  test  program.  In  those  days  the  testing  was  formally  broken 
down  into  "Phases”.  Later  it  was  called  "Category"  testing.  how  it  is  called 
'Development,  Test,  and  Evaluation'  and  "Operational  Test  Evaluation".  Whatever  the 
testing  process  is  called,  and  however  it  is  organised  on  paper,  it  is  historically 
evident  that  handling  qualities  testing  necessarily  (and  beneficially)  spaas  the  process. 

A  survey  of  early  AFPTC  test  reports  reveals  a  fairly  standard  approach  to  formal 
hanaling  qualities  testing.  If  you  were  to  look  at  the  tables  of  contents  from  the  early 
reports  you  would  discover  that  in  nearly  every  case  the  following  topics  would  be 
presented  for  discussion: 

1.  Cockpit  Evaluation 

2.  Taxiing  and  Ground  Handling 

3.  Take-off  and  Initial  Climb 

4.  Dynamic  Longitudinal  Stability 

5.  Trim  Changes 

6.  Maneuvering  Flight 

7.  Dynamic  Directional  Stability 

S.  Static  Directional  Stability 

9.  Lateral  Control 

10.  Inertial  Coupling 

11.  Stalls  and  Low  Speed  Handling  Characteristics 

12.  Approach  and  Landing 

13.  Control  Friction 

Without  going  into  great  detail,  it  is  worth  noting  that  items  1,  2,  3,  ll,  and  12 

were  mission  oriented  handling  qualities  evaluations,  in  part  qualitative  (pilot 
evaluation)  and  in  part  quantitative.  The  qualitative  part  generally  had  to  do  with 
instrument  presentation  and  location,  location  and  function  of  switches,  problems  in 
taxiing  and  take-off  (e.g. , inadequate  nose-wheel  steering  or  braking),  problems  in 
maintaining  climb  schedules,  etc.  The  quantitative  part  of  these  items  had  to  do  witn 
such  measurements  as  nose-wheel  steering  break-out  forces  and  hysteresis,  ruader  and 
elevator  control  power  during  take-oft,  etc. 

The  other  items  were  classical  up-and-away  handling  qualities  evaluation  items. 
Typically,  open-loop,  or  nearly  open-loop  tests  were  used  to  gather  the  data.  For 
example,  longitudinal  static  stability  data  were  obtained  by  flying  constant  altituoe 
accelerations  and  decelerations  using  power  to  control  speed  and  by  flying  constant  power 
accelerations  and  decelerations  using  stabilizer  deflection  to  control  speed.  These  data 
were  plotted  in  the  familiar  form  of  stick  force  versus  Mach  number,  stabilator  position 
versus  Macb  number,  etc.  Maneuvering  flight  data  were  obtained  during  wind-up  turns. 
These  data  were  presented  as  curves  of  Btlck  force  versus  ”g"  and  stabilator  position 
versus  "g".  Longitudinal  dynamic  stability  data  were  obtained  using  stabilator  pulses. 
The  free  response  of  the  airplane  was  measured  and  used  to  estimate  the  short  period 
frequency  and  damping  ratio.  Typically  these  static  and  dynamic  parameter  values  were 
compared  with  the  Level  1,  2,  and  3  boundaries  of  MIL-F-6785  (Military  Flying  Qualities 
Specification)  to  determine  whether  the  airplane  handling  qualities  were  satisfactory  or 
unsatisfactory. 

We  do  not  mean  to  play  down  the  value  of  these  open-loop  handling  qualities  tests.  In 
fact  tney  were  explicity  static  and  dynamic  stability  tests.  They  were  handling 
qualities  tests  only  implicitly,  and  this  was  widely  recognized.  However,  considerable 
insight  into  the  handling  qualities  of  the  aircraft  could  be  gleaned  from  these  open-loop 
stability  parameters. 

Neither  do  we  mean  to  imply  that  no  pilot-in-the-loop  testing  was  done.  In  our  survey 
of  early  Air  Force  Flight  Test  Center  reports  we  discovered  that  air-to-air  and 
air-to-ground  tracking  evaluations  were  occasionally  reported.  In  fact,  one  gets  the 
impression  that  a  fair  amount  of  pilot-in-the-loop  handling  qualities  evaluation  was  done 
using  air-to-air,  air-to-ground,  formation,  and  air-refueling  tasks.  However,  it  appears 
tnat  these  evaluations  were  largely  Informal,  and  the  results  (purely  qualitative) 
appeared  in  the  reports  only  implicitly.  As  an  Interesting  aside,  some  of  tne  earlier 
color  of  flight  testing  during  Muroc  days  seems  to  have  survived  in  these  informal 
hanaling  qualities  tests.  Two  anecdotes  illustrate  the  more  colorful  side  of  these 
Informal,  and  certainly  unofficial  handling  qualities  tests. 

There  is  the  story  that  at  one  time  it  was  all  the  rage  among  Edwards  test  pilots  to 
make  very  low,  high  speed  passes  down  local  desert  roads.  If  there  were  cars  on  the 
road,  so  much  the  better.  It  is  said  that  these  "tests"  ended  when  the  center  commander 
(unbeknownst  to  the  pilot)  was  run  off  the  road.  We  cannot  vouchsafe  tne  authenticity  of 
that  story,  but  we  have  heard  it  often. 

Another  story  concerns  an  unofficial  evaluation  of  air-to-ground  tracking  handl 
qualities.  One  of  the  teat  pilots  was  making  45  degree  dive  bombing  passes,  using 
local  farm  house  for  his  "target",  when  his  drop  tanks  unexpectedly  jettisoneo. 
Fortunately,  the  tanks  missed  the  "target”.  It  was  not  recorded  whether  the  reason  for 
missing  was  poor  handling  qualities  or  poor  drop-tank  ballistics. 


23-5 


■War  stories"  of  informal  testing  aside,  here  is  the  important  thing  to  be  reaenbered 
about  handling  qualities  testing  at  Eduards  from  the  early  1950's  through  the  early 
1970's:  during  that  time,  handling  qualities  tests  were  alaost  exclusively  open-loop 
tests.  Judgements  of  the  suitability  of  the  aircraft's  handling  qualities  relied  heavily 
on  these  open-loop  test  results.  In  general,  there  were  no  satisfactory  test  aetbods  for 
formally  evaluating  pilot-in-the-loop  handling  qualities  in  a  mission  oriented  setting. 

This  pattern  of  fundamentally  open-loop  handling  qualities  testing  persisted  until  tne 
early  1970's,  when  we  began  to  develop  the  pilot-in-the-loop  ,  mission  oriented 
techniques  which  have  since  been  named  Handling  Qualities  During  Tracking  (  HQDT  )  and 
SIFT  . 


SYSTEM  IDatTIFICATIOM  FROM  TRACK IMG 

SIFT  test  techniques  are  pilot-in-the-loop,  mission  oriented  test  techniques  for 
obtaining  and  evaluating  aircraft  handling  qualities  data.  Qualitative  pilot  comments 
ana  quantitative  system  analysis  results  are  obtained  from  the  same  pilot-in-the-loop 
test  maneuvers.  SIFT  techniques  have  made  it  possible  to  uniquely  link  qualitative  and 
quanticative  test  results  for  the  first  time. 

In  Figure  1  we  have  attempted  to  give  you  an  over-all  perspective  of  SIFT  test  and 
analysis  techniques.  SIFT  is  like  a  broad  umbrella:  it  includes  somewhat  specialised 
test  maneuvers  and  piloting  techniques  for  obtaining  handling  qualities  teat  data:  and  it 
includes  frequency  domain  data  analysis  techniques.  Subsequent  data  analysis  includes 
heavy  use  of  control  system  and  handling  qualties  criteria. 

In  the  following  paragraphs  we  will  briefly  cover  the  development  of  SIFT  techniques, 
some  of  the  most  important  features  of  these  techniques  (for  example,  why  do  the  SIFT 
tracking  maneuvers  work  when  earlier,  similar  attempts  did  not?),  and  examples  of  SIFT 
test  results. 

More  complete  documentation  of  SIFT  techniques  is  available  in  References  3  and  4. 


DEVELOPMENT  OF  SIFT  TEST  MAMBOTERS:  HQDT 

Development  of  the  SIFT  test  maneuvers  and  piloting  techniques  began  in  1971.  The 
idea  of  using  air-to-air  tracking  maneuvers  for  handling  qualities  evaluation  was  adapted 
by  the  senior  author  from  similar  work  which  had  recently  been  done  by  Tom  Sisk  at  tne 
NASA  Flight  Research  Center  (Reference  5) .  (The  idea  of  using  tracking  as  a  test  tool 

for  evaluating  handling  qualities  was  not  a  new  oner  for  example,  see  references  6  and 

7.) 

We  used  a  variable  stability  F-4C  for  our  development  progam.  With  tnis  airplane  we 
could  set  up  a  wide  range  of  handling  qualities  characteristics,  ranging  from  Level  3 

(bare  airframe  F-4  without  any  dampers  or  augmentation:  pilot  ratings  of  7  and  8  on  tne 

Cooper-Harper  scale)  to  Level  1  (excellent  handling  qualities:  pilot  ratings  of  2  and  3). 
We  conducted  all  of  our  tests  using  three  handling  qualities  configurations  which 
corresponded  to  Level  1,  Level  2,  and  Level  3  according  to  the  pilots'  ratings.  The 
configuration  could  be  changed  by  the  test  engineer  in  the  rear  cockpit,  so  the  pilot  s 
were  never  aware  of  which  configuration  they  were  flying.  Two  test  pilots  participated 
in  the  development  program:  Lt.  Colonel  (now  Colonel)  Richard  E.  Lawyer  and  Major  (now 
Colonel)  Cecil  W.  Powell. 

We  began  our  development  using  five  principal  test  maneuvers: 

1.  Air-to-air  tracking  of  a  target  airplane  at  constant  load  factor  and  constant 
Mach  number,  with  an  attempt  to  maintain  constant  altitude 

2.  Air-to-air  tracking  of  «  target  airplane  during  a  slow  wind-up  turn  at  constant 
Mach  number,  with  an  attempt  to  maintain  constant  altitude 

3.  Air-to-air  tracking  of  a  target  airplane  during  a  maximum  roll-rate  turn  reversal 
at  constant  load  factor  and  constant  Mach  number.  The  reversals  were  usually 
sandwiched  between  constant  load  factor  tracking  maneuvers. 

4.  Air-to-ground  tracking  during  standard  45  degree  and  30  degree  dive  bombing  runs 

5.  Air-to-ground  tracking  during  standard  15  degree  strafing  runs 


A  noncomputing  gunsight  with  a  fixed  pipper  depression  was  used  at  all  times.  This 
was  because  we  wanted  to  evaluate  the  airplane  handling  qualities  rather  than  tne 
gunsight  dynamics. 

We  measured  what  we  believed  would  provide  us  some  indication  of  pilot  workload*  tne 
time  integral  of  the  absolute  value  of  pitch  and  roll  stick  forces  and  ruooer  pedal 


forces.  We  expected  to  correlate  these  three  measures  of  "workload”  with  pilot  comments 
ana  tracking  errors. 

At  first,  we  allowed  the  test  pilots  to  track  the  target  using  any  technique  tney 
wished.  We  quickly  discovered  that  thiB  approach  did  not  work.  Our  "workload" 
measurements  did  not  correlate  with  either  the  pilots'  comments  or  with  the  tracking 
errors.  Further,  the  tracking  errors  did  not  correlate  with  the  pilot  comments. 
Analysis  of  those  early  test  results  showed  that  the  only  reliable  data  were  tne  pilot 
comments.  First-hand  observation  from  the  rear  cockpit  together  with  pilot  comments  soon 
made  it  clear  why  those  early  results  were  so  confusing.  The  pilots  were  working  very 
hard  at  mental  compensation.  Because  their  compensation  was  mental  it  did  not  show  up  in 
our  physical  "workload"  measurements.  Because  their  compensation  was  quite  often 
successful,  we  could  not  correlate  the  tracking  error  results.  And  because  the  pilots 
were  at  least  roughly  aware  of  the  scope  and  degree  of  the  compensation  required,  tneir 
ratings  usually  reflected  the  actual  handling  qualities  of  the  airplane. 

Early  on  then,  we  found  ourselves  faced  with  the  same  problems  which  had  plagued 
earlier  investigators.  How  to  construct  the  tests  so  that  all  of  the  airplane  dynamics 
(within  the  handling  qualities  frequency  range)  would  be  consistently  and  repeatably 
revealed,  both  to  the  pilots  and  to  the  engineers?  Our  solution  was  to  have  the  pilot 
remove  his  feet  from  the  rudder  pedals  and  force  him  to  tracx  a  precision  aim  point  on 
tne  target  as  aggressively  as  possible. 

By  "aggressive"  tracking,  we  mean  that  the  pilot  was  required  to  correct  even  the 
smallest  pipper  errors  as  quickly  and  as  positively  as  possible.  The  pipper  was  never 
permitted  to  "float". 

Flying  without  using  the  rudder  pedals  removed  a  major  avenue  of  compensation  from  the 
pilot.  Aggressively  tracking  a  precision  aim  point  on  the  target  effectively  raised  tne 
pilot's  gain  and  also  reduced  his  ability  to  compensate.  He  cannot  over-emphasise  the 
importance  of  the  aggressive  piloting  technique.  It  is  absolutely  fundamental  to  a  good 
qualitative  pilot  evaluation  and,  as  we  shall  see  later,  to  a  good  system  identification 
of  tne  airplane.  A  graphic  illustration  of  why  the  aggressive  tracking  technique  was  so 
important  is  presented  in  Figure  2.  Figure  2  is  a  power  spectral  density  (PSD)  plot  of 
pilot  input  (pitch  stick  force)  versus  frequency.  Two  curves  are  presented.  One  is  the 
PSD  of  pilot  input  when  the  pilot  was  allowed  to  track  using  any  technique  he  desired. 
Usually,  this  involved  "floating"  the  pipper  in  the  vicinity  of  the  target  so  as  not  to 
excite  the  undesirable  short  period  dynamics  of  the  airplane.  When  left  to  his  own 
devices,  the  pilot's  frequency  content  (that  is,  the  energy  which  he  put  into  the 
controller)  diminished  dramatically  at  the  short  period  frequency  and  higher  frequencies. 
Clearly,  by  "floating"  the  pipper  the  pilot  was  acting  bb  a  low  pass  filter  with  hiB 
cut-off  at  the  short  period  frequency.  Bence  he  did  not  excite  the  undesirable  short 
period  dynamics  and  his  tracking  errors  were  relatively  small.  The  second  curve  is  tne 
PSD  of  pilot  input  when  he  was  required  to  track  aggressively.  The  frequency  content  is 
noticeably  higher  at  the  short  period  and  higher  frequencies  because  the  pilot  was 
exciting  che  short  period  and  higher  frequency  dynamics.  As  a  result,  his  tracking 
errors  were  larger. 

Our  experience  was  that  the  pilot's  comments  were  more  useful  when  the  aggressive 
tracking  technique  was  used.  Our  experience  suggested  that,  if  left  to  his  own  devices, 
tne  pilot  could  report  that  compensation  was  required,  but  he  could  not  necessarily 
describe  what  he  was  compensating  for  or  how  he  was  compensating  or  what  the  eftect  of 
his  compensation  was.  On  the  other  hand,  when  the  pilotB'  used  the  aggressive  tracking 
technique  they  were  able  to  provide  surprisingly  detailed  descriptions  of  the  airplane 
response  to  their  Inputs.  Flying  without  using  the  rudder  pedals  also  Improved  the 
quality  of  the  pilots'  comments,  especially  when  lateral-directional  handling  qualities 
deficiencies  were  present.  He  found  these  descriptions  to  be  much  more  useful  in 
evaluating  handling  qualities  from  both  a  piloting  and  an  engineering  viewpoint. 

After  adopting  these  techniques  we  discovered  that  both  pilots'  comments  and 
Cooper-Harper  ratings  became  more  consistent.  A  plot  comparing  the  ratings  given  by  the 
two  pilots  is  presented  in  Figure  3.  He  found  that  the  pilots  were  able  to  detect 
surprisingly  small  changes  in  the  airplane  handling  qualities  and  that  they  were  able  to 
quickly  identify  and  describe  handling  qualities  deficiencies.  Hide  use  of  these 
techniques  at  AFFTC  has  confirmed  these  results  over  and  over  again. 

Each  of  the  maneuvers  listed  above  ,when  coupled  with  the  special  piloting  techniques 
just  discussed,  proved  to  be  an  excellent  test  maneuver  for  evaluating  handling 
qualities.  He  tried  other  maneuvers  as  well,  including  formation  flying,  air-refueling, 
ana  approach  and  landing.  Our  experience  was  that  air-to-air  tracking  was  a  "global" 
test  maneuver  for  evaluating  handling  qualities,  whereas  the  others  tended  to  be 
"subsets".  In  other  words,  air-to-air  tracking  was  the  more  demanding  maneuver,  the  more 
rigorous  discriminator  of  handling  qualities  characteristics.  If  handling  qualities  were 
optimised  for  air-to-air  tracking,  they  turned  out  to  be  optimised  for  all  other  tasks  as 
well.  The  converse  was  not  true.  This  suggests  the  possibility  of  using  air-to-air  HQDT 
techniques  as  a  test  maneuver  for  evaluating  the  handling  qualities  of  any 
configuration  -  even  the  approach  and  landing  configuration. 

Rogers  Smith  of  Calspan  has  coined  the  phrase  "handling  qualities  clltt"  to  describe 
tne  problem  of  handling  qualities  which  are  poor  but  manageable  until  the  pilot  gets 


backed  into  a  corner  (and  geta  his  gain  up) ,  at  which  tine  ’poor  but  manageable"  turns 
into  adisastrous*.  HQDT  has  proven  to  be  an  excellent  tool  Cor  ferreting  out  those 
■elites*  during  the  flight  test  programs. 

For  example*  during  a  recent  flight  test  program*  a  longitudinal 
pilot-induced-oscillation  (PIO)  was  unexpectedly  encountered  during  a  performance  test 
maneuver.  Low  short  period  damping  indicated  the  possibility  of  PIO  tendencies,  but 
actual  PIOs  had  never  occurred.  Indeed,  repeated  attempts  to  replicate  the  PIO  using  tne 
-~ame  and  similar  test  maneuvers  were  mostly  unsuccessful.  When  SIFT  test  techniques 
(air-to-air  HQDT)  were  tried  PIOs  occurred  every  time,  without  exception.  In  this  case, 
the  handling  qualities  *cliff*  had  always  been  present,  but  it  took  a  set  of 
unintentional,  aggravated  circumstances  to  expose  it.  If  SIFT  techniques  had  been  used 
in  tne  first  place,  the  *cliff*  would  have  been  exposed  immediately. 

The  special  piloting  techniques  of  aggressive  tracking  and  not  using  the  rudder  pedals 
yielded  a  very  good  tool  for  making  comprehensive  and  repeatable  qualitative  pilot 
evaluations  of  handling  qualities.  However,  we  had  not  solved  the  problem  of  getting  a 
good  quantitative  evaluation.  We  have  already  said  that  aggressive  tracking  without 
using  the  rudder  pedals  caused  larger  tracking  errors.  Neither  were  the  errors 
necessarily  repeatable  from  one  maneuver  to  the  next.  Consequently,  such  statistical 
measures  as  root-mean-square  (RMS)  error,  cumulative  error  distribution,  time  on  target, 
etc.  had  to  be  treated  very  carefully.  In  general,  these  statistical  measures  proved  to 
be  unreliable.  Figure  4  illustrates  why  you  must  be  very  careful  with  pipper  error  as  a 
measure  of  handling  qualities.  The  best  tracking  case  had  the  poorest  pilot  rating  and 
the  best  rating  was  associated  with  tracking  results  which  were  not  much  different  from 
those  that  got  the  poorer  ratings.  Interestingly,  the  two  cases  which  were  both  rated  4 
were  flown  in  the  same  airplane,  on  the  same  flight,  at  the  same  test  conditions,  by  tne 
same  pilot,  one  right  after  the  other.  But  the  tracking  errors  are  distinctly  different! 

The  evidence  has  been  unremittingly  in  favor  of  believing  the  evaluation  pilot's 
ratings  and  comments.  That  is  why  we  stressed  the  value  of  a  running  coamientary  during 
the  test  maneuvers  and  a  comprehensive  debriefing  immmediately  following  the  flight.  It 
proved  equally  important  that  the  pilots  arrive  at  their  Cooper-Harper  ratings  according 
to  the  published  approach  (Reference  8) . 

In  studying  the  time  histories  of  pipper  motion  we  noticed  an  apparent  correlation 
between  the  dominant  frequency  content  in  the  piper  motion  and  the  pilot  ratings.  This 
led  to  the  senior  author's  suggestion  that  a  frequency  domain  analysis  might  yield  more 
reliable  quantitative  results. 


DEVELOPMENT  OF  SIFT  ANALYSIS  TECHNIQUES: 

THE  FREQUENCY  RESPONSE  ANALYSIS  COMPUTER  PROGRAM 

The  Frequency  Response  Analysis  computer  program,  abbreviated  FRA,  resulted  from  our 
ettort  to  provide  a  quantitative  foundation  for  evaluating  handling  qualities  test 
results.  We  found  FRA  to  be  an  excellent  tool  for  identifying  the  linear  dynamics  of  the 
airplane  and  its  flight  control  system.  We  also  found  FRA,  together  with  the  various 
frequency  domain  handling  qualities  criteria  which  are  currently  available,  to  be  an 
excellent  tool  for  evaluating  handling  qualities.  The  various  handling  qualities 
criteria  include  the  equivalent  systems  criteria,  the  bandwidth  criteria,  tne  Neal-Smlth 
criteria,  and  the  Ralph  Smith  criteria.  (The  literature  on  these  criteria  is  fairly 
extensive,  so  we  will  not  discuss  them  here.  See,  for  example.  References  9  through  Is.) 

FRA  is  an  unusually  flexible  computer  program  which  can  easily  be  made  to  do  anything 
the  user  wishes  to  do,  within  quite  broad  limits.  We  have  used  it  extensively  to 
identity  multiple-input  frequency  response  transfer  functions,  power  spectral  density 
functions,  and  various  coherence  functions.  Any  *syBtem*  for  which  the  user  has  one  or 
more  Inputs  and  a  response  may  be  identified.  For  handling  qualities  testing,  tne 
■system*  is  usually  the  airframe,  or  the  flight  control  system  (or  smaller  parts  of  it), 
or  the  combination  airframe  plus  flight  control  system. 

The  idea  of  measuring  the  frequency  response  of  the  airplane  is  not  a  new  one,  either 
at  Edwards  or  elsewhere.  Some  of  the  earlier  frequency  response  work  done  at  Edwards  is 
documented  in  References  16  through  24.  It  is  worth  noting  three  characteristics  of  this 
earner  work:  the  data  were  obtained  using  open-loop  test  techniques  (discreet  sinusoidal 
inputs  or  pulse  inputs);  the  reduction  of  the  data  was  extraordinarily  time  consuming; 
ana  the  reliability  of  the  results  was  not  computed.  Of  course,  each  of  these 
characteristics  is  directly  traceable  to  the  relatively  primitive  computer  capability 
which  was  available  then.  Today's  computers  permit  the  use  of  far  more  powerful  flight 
test  tool 8.  With  FRA  we  can  quickly  and  conveniently  use  ’random*  time  history  data  to 
identity  transfer  functions  and  compute  an  estimate  of  the  reliability  of  these  results. 

The  constant  load  factor,  constant  Mach  number,  and  nominally  constant  altitude 
air-to-air  SIFT  test  maneuver  proved  especially  well  suited  to  linear  frequency  response 
analysis.  The  fixed  test  conditions  served  to  minimise  the  impact  of  such  nonlinear 
elements  as:  stability  derivatives  which  changed  with  Mach  number,  angle  of  attack,  and 
sideslip;  changing  dynamic  pressure;  and  flight  control  gains  which  were  scheduled 
according  to  Mach  number,  angle  of  attack,  etc.  The  aggressive,  precision  tracking 


techniques  used  by  the  pilot  maximized  the  pilot's  gain,  which  assured  that  the  airplane 
dynamics  were  adequately  excited  across  the  handling  qualities  frequency  spectrum.  this 
ensured  a  good  identification  of  the  systen. 

One  of  the  things  which  made  SIFT  techniques  so  useful  was  that  the  data  used  in  FRA 
was  obtained  during  the  sane  pilot-in-the-loop  test  aaneuvers  that  produced  qualitiatiwe 
pilot  comments  and  ratings.  Another  was  that  the  transfer  function  identification 
computed  by  FRA  was  entirely  independent  of  any  preconceived  nodel  of  the  systen.  These 
two  characteristics  of  SIFT  analysis  techniques  were  especially  valuable,  making  it 
possible  to  uniquely  link  the  system  identification  to  the  pilot  evaluation.  For 
example,  in  a  recent  flight  test  program  the  pilots  reported  a  pitch  'bobble*,  or 
oscillation  during  HQDT  testing.  The  contractor  worked  to  correct  this  problem  by 
improving  the  pitch  axis  of  the  flight  control  system,  and  indeed  an  Improvement  was 
realised.  However,  a  residual  3  to  5  ail  oscillation  could  not  be  overcome.  BOOT  data 
from  several  air-to-air  tracking  maneuvers  were  analysed  using  the  FRA  program.  The 
pitch  rate  to  stick  force  transfer  function  was  identified.  These  results  are  presented 
in  Figure  S.  The  amplitude  peak  at  about  3  radiana/second  is  the  the  short  period  peak. 
The  presence  of  the  second  peak,  at  about  5  radiana/second,  was  unexpected.  To  make  a 
long  story  short,  the  second  peak  was  caused  by  lateral -directional  cross-coupling  into 
the  pitch  axis.  The  5  radians/second  peak  was  at  twice  the  frequency  of  the  dutch  roll 
mode  of  the  airplane.  Each  time  the  airplane  side-slipped  right  or  left,  the  airplane 
pitched  up.  When  the  multiple  input  capability  of  FRA  was  used  to  ‘remove*  the  effects 
of  sideslip,  rudder  deflection,  and  rolling  tall  deflection  from  the  pitch  rate  response, 
the  transfer  functions  presented  in  Figures  6  and  7  were  identified.  The  S 
radians/second  peak  gradually  disappeared  as  the  lateral -directional  inputs  were 
effectively  'removed*. 

This  case  is  especially  interesting  because  it  demonstrated  the  value  of  using  the 
same  pilot-in-the-loop  test  maneuver  to  get  both  quantitative  and  qualitative  test 
results.  Evidently,  the  residual  pitch  oscillation  reported  by  the  pilots  wa3  caused  by 
lateral-directional  coupling  into  the  pitch  axis.  Extensive  classical  testing  did  not 
identity  the  cross-coupling.  No  amount  of  work  on  the  pitch  flight  control  system  alone 
would  have  eliminated  those  last  3  to  5  mils  of  oscillation. 

Another  interesting  feature  of  the  SIFT  analysis  techniques  was  that  the  same  test 
maneuvers  were  used  to  identify  the  flight  control  system  (or  any  part  of  it)  and  tne 
airtrame  dynamics,  or  the  combination  of  the  two.  During  a  recent  flight  test  program, 
SIFT  techniques  were  used  to  identify  the  transfer  function  of  normal  acceleration  to 
stick  force.  The  identification  wbb  not  a  particularly  good  one,  so  we  began  looking  at 
the  individual  pieces  which  made  up  the  whole.  We  discovered  a  nonlinearity  in  the  pitch 
stick  force-feel  system  (presumably  hysteresis) .  When  we  tried  stick  position  as  tne 
transfer  function  input  instead  of  stick  force,  we  got  excellent  identifications. 

Here  is  one  more  example  which  illustrates  the  value  of  the  unique  linking  of 
quantitative  and  qualitative  results  made  possible  with  SIFT  techniques.  An 
aneron-to-rudder-lnterconnect  (ARI)  evaluation  wbb  done  using  both  traditional  open-loop 
techniques  and  SIFT  techniques.  The  gain  of  the  ARI  was  changed  with  the  expectation 
that  it  would  improve  lateral-directional  handling  qualities.  The  open-loop 
full-stick-deflection  roll  tests  showed  some  areas  of  improvement  and  some  areas  of  less 
desirable  characteristics.  During  the  SIFT  tests,  the  pilot  reported  no  discernable 
difference  between  the  two  ARI  gains.  SIFT  data  analysis  showed  the  ARI  transfer 
function  to  be  highly  nonlinear.  In  this  case,  it  was  known  that  substantial  hysteresis 
existed  in  the  yaw  axis.  It  was  apparent  from  the  SIFT  tests  and  analysis  that  the 
pilots  were  almost  never  getting  outside  the  hysteresis  band  during  precision 
pilot-in-the-loop  tracking  tasks.  Consequently,  they  would  not  have  seen  any  difference 
between  the  two  ARI  gains,  and  that  is  exactly  what  they  reported. 

We  have  made  attempts  to  identify  the  pilot  transfer  function  using  SIFT  techniques. 
Those  attempts  were  unsuccessful,  evidently  because  of  the  way  the  test  maneuvers  were 
structured.  As  described  above,  in  the  SIFT  test  maneuver  the  target  is  essentially 
passive  (non-maneuvering)  relative  to  the  tracking  aircraft.  Hence  it  is  only  the 
tracking  pilot's  remnant,  or  linearly  uncorrelated  input,  which  creates  the  continuing 
pipper  error.  Henry  Jex,  Bob  Heffley,  and  Roger  Hoh,  all  of  Systems  Technology 
Incorporated,  have  suggested  that  the  target  aircraft  be  allowed  to  maneuver  in  a 
controlled  way,  providing  an  external  source  of  pipper  error.  We  have  simulated  this 
scenario  on  a  digital  computer  and  analysed  the  results  with  the  FRA  program.  The 
results  were  encouraging.  The  AFTI-16  flying  qualities  engineers  propose  to  test  this 
procedure  during  their  flight  test  program. 


ooacuisioa 

Handling  qualities  testing  at  Edwards  has  changed  quite  a  lot  over  the  years.  We  have 
moved  away  from  what  Is  perceived  to  be  the  wilder,  less  structured  testing  when  the  data 
system  was  a  soldier  in  an  open  cockpit  cut  into  an  early  jet,  and  when  Chuck  Yeager  was 
flying  the  X-l.  We  saw  the  development  during  the  1950's  of  a  pattern  of  essentially 
open-loop  testing  which  persisted  through  the  IMO's  and  is  in  fact  still  very  much  in 
evidence  today.  Host  recently,  beginning  in  the  early  1970's  we  saw  the  development  and 
gradual  use  of  the  SIFT  mission  oriented  pilot-in-the-loop  test  and  analysis  techniques. 
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These  techniques  hsve  proven  to  be  very  helpful  tools  for  pilot-in- the- loop  handling 
qualities  test  and  evaluation,  both  quantitatively  and  qualitatively.  They  have  provided 
a  nethod  for  early,  quick,  and  complete  Identification  of  handling  qualities 
deficiencies.  In  practice,  SIFT  test  techniques  (also  called  BOOT)  have  also  been  an 
excellent  tool  for  optimising  flight  control  systems.  SIFT  analysis  techniques  have 
provided  a  powerful  method  for  identifying  the  actual  airplane  dynamics  in  terms  of 
linear  frequency  response.  Most  Importantly,  SIFT  has  forged  a  unique  link  between  the 
qualitative  pilot  comments  and  the  quantitative  analysis  results.  We  have  briefly 
discussed  several  examples  which  illustrate  this  unique  link.  The  spectrum  of  possible 
applications  of  SIFT  techniques  is  large,  extending  well  beyond  the  limited  scope  of 
hanallng  qualities  testing. 
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SIFT 


FIGURE  1 


SCHEMATIC  OVERVIEW  OF  THE  SIFT  PILOT-IN-THE-LOOP 
HANDLING  QUALITIES  TEST  TECHNIQUES 


Average  Cooper-Harper  Rating,  Pilot  B 
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FIGURE  2  COMPARISON  OF  PILOT  INPUT  FREQUENCY 

CONTENT  USING  AGGRESSIVE  SIFT  TRACKING 
AND  USING  "NORMAL"  TRACKING  TECHNIQUES 


Cooper-Harper  Rating  Correlation  between 
Pilots  A  and  B 

Flight  Control  System  Configuration 

O  Good  -  Pitch  Rating 

•  Good  -  Lat/DIr  Rating 

O  Pitch  Degraded  -  Pitch  Rating 

•  Pitch  Disengaged  -  Pitch  Rating 
0  Roll  Degraded  -  Lat/DIr  Rating 
4  Roll  Disengaged  -  Lat/DIr  Rating 
A  law  Degraded  -  Lat/DIr  Rating 

A  Yaw  Disengaged  -  Lat/DIr  Rating 
V  Roll  A  Yaw  Degraded  -  Lat/DIr  Rating 
f  Roll  A  Yaw  Disengaged  -  Lat/DIr  Rating 


No  tic  mark:  10  unit  constant  a  turn  at 
Mach  .85  and  20,000  feet 

Tic  mark  right:  15  unit  constant  a  turn  at 
Mach  .85  and  20,000  feet 

Tic  mark  left:  Wind-Up  turn  at  Mach  .85 
and  20,000  feet 

Not  all  configurations  and  maneuvers  were 
flown  by  both  pilots.  The  data  shown  was 
collected  from  62  Alr-to-AIr  Tracking 
maneuvers. 


Figure  3.  Cooper-Harper  Rating  Correlation  Between  Pilots  A  and  B  Obtained  Using  SIFT  Techniques 
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FIGURE  4  EXAMPLES  OF  TYPICAL  SIFT  (HQDT)  TRACKING  RESULTS 

SHOWING  HAZARDS  OF  RELYING  ON  TRACKING  ERROR  AS 
THE  ONLY  MEASURE  OF  HANDLING  QUALITIES 


A  FREQUENCY  RESPONSE  ESTIMATES 

_ 95%  CONFIDENCE  LIMITS 

ENSEMBLE  AND  FREQUENCY 
AVERAGE  OF  FIVE  DATA  RECORDS 
SAMPLED  AT  20  SAMPLES/SECOND 


FIGURE  6  BODE  AMPLITUDE  PLOTS  OF  PRECISION  AIR-TO-AIR 

TRACKING  DATA,  DEMONSTRATING  SOURCES  OF  LATERAL- 
DIRECTIONAL  COUPLING  INTO  THE  PITCH  AXIS 


FIGURE  7 


PHASE  ANGLE  PLOTS  CORRESPONDING 
TO  AMPLITUDE  PLOTS  IN  FIGURE  6 
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SBMMAHY 

The  report  deals  with  pilot  induced  oscillations  (PIO)  which  occured  mainly  during  landing  approach  of  a 
medium  size  cargo  helicopter  with  a  suspended  load.  The  flight  test  programme  which  was  set  up  to  gain 
insight  in  the  problem  is  briefly  described. 

Data  evaluation  showed  that  a  bad  combination  of  eigenfrequencies  from  a  suspended  load  and  the  helicopter 
caused  a  very  poorly  damped  eigenmode.  This  mode  could  be  excited  by  the  pilot  but  was  not  controllable 
for  a  human  being  because  of  the  frequency  (~  11  rad/Bec)  involved. 

A  good  correlation  between  pilot  comments  and  flight  test  data  evaluation  was  found. 

ouwmro 

1.  Introduction 

2.  Theoretical  Models  with  regard  to  •  Helicopter  with  Suspended  Cargo 

2.1  Vertioal  Oscillations  of  the  Cargo 

3.  Tort  Method 

3.1  Measurement  and  Aaaasansnt  Procedure 

3.1.1  Quantitative  Evaluation 

3.1.2  Qualitative  Assessment 

3.2  Parameters  Measured 

3.3  Tests  Conducted 

A.  Analysis  of  the  Test  and  Measuring  Basalts 
A.1  Assessment  of  Measurements 
A. 2  Assessment  of  Pilot  Statements 

5.  Conclusions  and  Be  corns  eolations 

6.  Befereoeee 

7.  figures 

i.  aasssssg 

(Airing  use  of  the  CH-53  helicopter  to  transport  extemaly  suspended  cargos,  severe  oscillations  occurred 
repeatedly  and  especially  during  the  approach  phase.  Based  upon  pilot  statements,  these  oscillations  must 
be  classified  as  "oscillations  of  the  closed  loop  (ie, pilot/helicopter)".  In  some  cases  it  was  even 
necessary  to  drop  the  cargo  in  order  to  restabilize  the  helicopter. 

The  objective  of  the  trials  was  to  clarify  how  these  oscillations  develop  and  to  give  hints  on  the 
avoidance  or  the  prevention  of  PIO. 
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2.  gnoacriCAL  wonog  with  mm  to  *  fp-roown  «g  wm»  camp 

The  tallowing  ia  an  attenpt  to  isolate  tbo  typo  of  oscillations  landing  to  PIO  by  mm  of  *  tow  slnple 
aodols.  two  typoo  of  cargo  oaoiXlatioM  related  to  the  helicopter  eeca  to  be  1 spurt ant  ^  the  oonnootioa 
cooaidered  beret 

a)  peadulun  oacillatioea  of  the  cargo 

b)  vertical  oacillatioea  of  the  cargo  initiated  by  aprlag  type  eharaeterietiea  of  the  oarge  sling. 

In  order  to  be  able  to  atill  preacat  the  relations  in  a  staple  sad  clear  Banner,  the  following  ooaaidora 
tices  are  baaed  upon  the  cceecely  need  siaplifying  asenaptiaes  of  snail  aagleet  ecaccntration  of  aaaeee 
in  the  individual  canter  of  gravity;  absence  of  daapiag;  linear  systea  behaviour  and ' — -  epalags  or 

suspensions;  because  the  pendulum  oscillations  proved  not  to  be  important  for  the  case  considered  here 
they  are  not  discussed  further. 


2.1  rancAL  (gemmae  or  me  camp 

Pig.  1  shows  the  nodal  for  eetiaatiag  vertical  oscillations  of  the  spates  helicopter  plus  external  cargo. 


On  the  CH-53,  the  cargo  hook  is  not  directly  connected  with  the  gear  box  or  the  rotor;  but  the  load  is  routed 
via  the  fuselage  box  to  the  rotor.  The  fuselage  box  is  comparatively  flexible.  The  model  depicted  in  Fig.  1 
approximates  the  fuselage  to  a  spring  and  mass  systea  (spring  constant  c1  and  partial  helicopter  mass  M).  The 
cargo  with  mass  m  is  attached  by  means  of  the  cargo  sling  with  the  spring  constant  to  the  partial  helicopter 

mass  N.  This  dual  aasa  and  dual  spring  systea  Is  carried  by  tbs  drive  unit  of  the  helicopter.  Forces  which 
nay  excite  the  systea  to  oscillate  are  the  air  and  aasa  forces  produced  by  the  rotor.  Thane  are  the  periodic 
forces  as  a  result  of  the  rotor  rotation  on  the  one  side  and  the  responses  to  the  pilot  inputs  on  tbs  ether 
aids. 


With  the  frequencies 


V*? 


and  tha 


ratio 


*  •  s 


the  following  is  obtained  according  to  /I/  for  the  two  natural  frequencies  of  the  system 
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In  Fig.  ?  the  histories  of  the  natural  frequencies  («1  are  presented  versus  the  mass  ratio  ijj).  Approximately 
typical  values  for  the  calculation  of  the  CH-55  with  external  cargo  were  assumed  to  be 


w 


1  ‘ 


0.4;  0.2;  0.1 


This  corresponds  to  a  spring  constant  ratio  of  approxiaately  1i10  for  the  hell copter  and  cargo  sling.  The 
aasuaption  that  only  a  part  of  the  helicopter  fuselage  aass  is  to  he  considered  to  he  an  oscillating  aasa 

justifies  the  extension  of  the  calculation  to  mass  ratios  of^t =  2.  Results  of  the  flight  trials  vsrify  that 
the  orders  of  magnitude  used  for  the  calculation  were  realistic. 


Tha  two  natural  fraquanelea  are  close  to  the  frequencies  w1  and  w 2  in  the  range  considered  here  (Fig.  2). 
The  upper  natural  frequency  which  is  approxiaately  the  natural  frequency  of  the  fuselage  is  well  beyond 
the  range  that  can  he  actively  influenced  by  the  pilot  (~  60  md/seo). 

the  lower  natural  frequency  coincides  elensly  with  tha  natural  frequency  of  suspension  and  oarge  (w^)  ia 
tha  range  eonai dared.  Depending  on  tha  spring  constant  of  tha  oarge  aling  and  the  suspended  lend,  frequen¬ 
cies  ia  tha  range  froa  3  to  23  rad/oee  nay  result.  In  this  range,  the  pilot  is  still  hble  to  respond  to 
the  oaoillnticM  occurring  by  control  inputs'. but  at  frequencies  shove  3  to  €  red/ see, the  rate  of  response 
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of  tho  «a  is  generally  no  longer  adequate  to  psrait  suitable  sad  wall  adjusted  control  Inputs.  As  it  osa  b* 
assumed,  bsstd  upon  ths  Assign  of  the  cargo  slings  sad  the  cargo  shapes,  ths  damping  fores*  prodoc sd  la  the 
system  are  only  minor  forces, and  all  conditions  for  the  occurrence  of  a  PIO  are  glean  in  this  cans. 

Considering  the  frequencies  of  the  exciting  forces  that  are  present  on  the  helicopter  independent  of  ths 
pilot  inputs,  one  will  note  that  the  sain  rotor  frequency  (approx.  19.4  rad/sec  according  to  /2/)  and  ths 
difference  of  the  sain  rotor  frequency  and  the  lead-lag  frequeaey  (0  lead-lag  frequency  of  approx  $.9 
red/sec  according  to  /2/)  are  in  the  range  of  interest.  Thus,  "air  resonance  phenoeMoa"  say  be  aggravating 
the  problea. 

As  a  whole,  it  any  be  concluded  froa  the  above  ccnsideratieas  that  the  probleas  sages* eased  aay  be  eaaaed 
by  the  possible  vertical  oscillatleas  of  ths  helicopter/ external  cargo  systaa. 

3.  «W  Mini) 


3.1  MAwgsBS  an  aasgsag  asggg 

When  investigating  naa/aechlae  systeas,  as  in  the  present  case,  it  is  essential  to  apply  test  asthsds  which 
provide  a  good  qualitative  observation  of  the  syatea  behaviour  by  the  participants  in  ths  teat  (the  pilots) 
during  the  test  sequence  as  well  as  a  technical  evaluation  and  aaaeaaaeat  of  the  data  achieved. 

3.1.1  QBAWramcg  WAlPAflOW 

Since  a  best  assessment  of  a  syatea  by  the  man  (pilot)  is  only  possible  when  performing  s  task  while  using 
the  system  which  requires  an  exact  adherence  to  given  values  (such  as  target  tracking  tasks),  it  was  obvious 
that  the  data, (which  was  rather  randoa  in  character);  obtained  in  this  case  could  not  be  assessed  using  ths 
classical  methods  of  flight  test  techniques. 

From  fixed-wing  tests  in  the  OSA  /3/  and  froa  own  results  /4/,  it  was  known  that  ths  procedures  to 
analyse  random  events  in  the  frequency  range  /5/,  /6/  could  be  successfully  used  for  identifying 
the  system  behaviour  of  aircraft.  The  time  histories  of  the  parameters  of  interest  as  msavursd  during 
the  flight  test  were  transformed  into  the  frequency  range  by  means  of  the  Fourier  analysis.  As  a 
first  result,  power  spectral  densities  wars  obtained  which  permitted  a  statement  on  the  preferred 
occurrence  of  certain  frequencies  to  be  made. 

For  maple,  froa  tbs  comparison  of  ths  power  speetrua  density  of  tbs  norasl  acceleration  with  tbs  power 
spectrum  of  ths  aovsasat  of  tho  coll active  stick, it  osa  be  concluded  whether  the  pilot  actively  contributed 
to  an  oscillation .  If  he  did  thla  can  be  seen  by  power  peaks  at  the  frequency  in  question  occurring 
la  ths  pewer  speetrua  densities  of  tho  collective  stick  movement. 

But  in  the  system  input  and  output  power  spectrum  densities  (i.e.,  "collective  stick  aovsasat  by  the 
pilot  (system  input)"  and  "normal  acceleration  at  the  pilot  seat  (systea  output)")  tho  total  infor¬ 
mation  on  the  system  behaviour  may  also  be  found.  Therefore,  ths  system  behaviour  say  be  derived  and 
plotted  in  the  form  of  Bode  or  Hichols  diagreoas  from  the  comparison  of  tho  output  and  input  (cross 
power  densities)  and  the  power  densities  of  the  input  and  output.  Ref.  /?/  recommends  the  following 
pilot  model  es  adequate  for  investigating  critical  stability  conditions) 


where 

Tp  ■  transfer  function  of  the  pilot 
Kp  ■  gain  factor  of  tho  pilot 
w  ■  angular  frequency 
t,  a  delay  tins  of  pilot 

i  -  fr? 


t 
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By  adding  the  pilot  model  to  tho  derived  system  transfer  functions,  it  is  possible  to  obtain  statsaants 
with  regard  to  the  stability  of  the  loop  closed  by  the  pilot  froo  the  Nichols  chart. 

3.1.2  ann.T+krm  AgaggOgg 

Froa  the  fixed  wing  tests  experiences  available, an  air-to-air  tracking  oanoeuver  lent  itself  as  a 
flight  task  to  be  assessed.  An  Assessment  Fora  replaced  an  assessment  according  to  Cooper-Harper  in  the 
present  test  series.  A  List  of  Questions  and  the  Assessment  Fora  had  to  be  eoopleted  by  the  pilot  after 
the  flight  or  a  series  of  flights  with,  for  instance,  varying  cargo  oass. 

3.2  Paeaaw™  HKAggHED 

Fig.  3  shorn  a  suaary  of  the  test  parameters  used  for  this  program  and  is  an  extract  froa  the  available 
parameters. 

Since  the  first  flight  trials  have  proven  that  the  Automatic  Plight  Control  System  (AfCS)  itself  did  not 
introduce  the  PlO.the  analysis  of  the  behaviour  of  the  autopilot  was  not  continued.  The  accuracy 
and  quality  of  the  analysis  carried  through  in  the  frequency  range  concerned  depends  strongly 
on  the  resolution  of  the  pamsetere  and  less  on  the  linearity  and  the  temperature  behaviour.  Furthermore , 

the  conversion  of  the  analog  signals  into  digital  fora  played  a  decisive  role.  Here  it 

should  be  noted  that  the  proper  selection  of  anti  aliasing  filters  prevents  a  beckfolding  of  signal  porticos 
of  higher  frequencies  in  the  frequency  range  that  can  be  covered  by  digitalisation  and,  in  addition, 
the  relations  of  the  sisals  to  each  other  la  not  aaaipulated  due  to  different  phase  shift. 

The  resolution  of  the  signals  depends  on  one  hand  on  the  design  of  the  transducer  itself  aad.cn  the  other, 

on  the  bit  number  of  the  available  analog-to-digital  converter  (ADC). 

The  ADCs  available  at  K-61  are  designed  for  12  bits  and  thus  resolve  the  range  of  a  signal  in  4096  steps. 
Therefore  the  Unit  resolution  for  all  paraaeters  's  given  by  the  transducer  design. 

The  Tracking  manoeuvres  used  in  the  teat  program  utilize  the  available  parameter  ranges  up 

to  approx.  K)  to  20  percent.  This  results  in  a  resolution  from  1  to  7  percent  of  the  range  of  interest. 

bplrically  the  dynamic  range  in  which  the  pilot  is  able  to  operate  is  approx.  30  db,  i.e.  approx.  30t1. 

This  range  cannot  be  fully  covered  with  the  available  iastrusentation  system.  This  11**1*,*4  the  achievable 
quality  of  the  analysis .  This  can  be  seen  froa  the  diagrams  by  the  partially  far  deviation  of  the  confidence 
limits  of  95  %  from  the  estimated  test  points. 

3.3  TMT  COWDPcnD 


Pig.  4  presents  a  summary  of  the  flights  evaluated  in  this  report. 

The  variables  considered  during  this  evaluation  were:  The  cargo  mass,  the  proportion  of  the  sling,  and 
the  friotlcn  at  the  collective. 

The  manoeuvres  flown  were  tracking  tasks,  including  acceleration  and  deceleration,  landing  approach  and 
hover.  The  target  was  a  UH-1D. 

4.  AHAUBIB  OF  THI  MW  AMP  MtAOTHDW  MBBMB 
4.1  AfifiBBatPff  pe  weiainM^gna 

According  to  ref.  7  the  transfer  behaviour,  "normal  acceleration  due  to  control  movement ".plays  a  decisive 
role  for  the  occurrence  of  PXO'a  during  target  trashing  manoeuvres  with  the  main  Ud:  being  to  stabilise  the 
attitude  of  the  aircraft  in  relation  to  a  reference  (another  aircraft,  ground).  Therefore  this 
transfer  function  is  especially  discussed  below. 
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The  Fig.  5  and  6  shew  the  power  spectrua  densities  of  tho  uuraal  acceleration  (it)  and  collective  stick 
aovenwt  (0b)  Of  a  flight  without  cargo  (flight  It)  aad  a  flight  with  heavy  cargo  (night  90)  for  tho  toot 
phaao  I  (night  la  one  direction  with  hooding  ehangeo  of  approximately  90°  to  tho  right  and  loft  hand  aide) 
aad  phaao  IT  (hover). 

for  both  night  phaaoa  of  night  It  tho  power  peaka  are  clearly  recognisable  la  tho  noraal  acceleration 
spectrua  density  at  approx.  20  rag/aec  which  are  non cod  by  the  aain  rotor.  Another  peak  appears  at 

approx.  11  rad/aac  in  teat  phase  1.  Its  cause  sight  bo  the  difference  frequency  of  the  sain  rotor 
frequency  and  the  lead-lag  frequency  of  seroth  order.  However,  in  both  cases  the  sain  rotor  frequency  is 
desinating  (larger  asplitude). 

This  situation  is  changed  considerably  (Fig.  6)  whan  the  helicopter  la  nawa  with  a  au op ended  cargo.  As 
cospared  to  the  asplitude  at  approx.  11  rad/aac  the  asplitude  of  the  sain  rotor  frequency  decreased  con¬ 
siderably.  The  energy  in  the  systea  is  sow  increasingly  concentrating  at  the  lower  frequency.  However, 

this  range  still  stiaulates  the  pilot  to  take  a  controlling  action  where  a  suitable  notion  would 
generally  exceed  his  capability. 

la  addition  to  the  two  frequencies  already  discussed  further  peaks  occur  between  these  two  (flight  phase  IT, 
fig.  6)  which  are  probably  caused  by  the  vertical  antoaotlon  of  the  oscillating  systea,  l.e.  helicopter 
with  suspended  cargo. 

Fig.  7  and  8  show  a  suanary  of  the  frequency  peaks  in  the  range  free  10  to  20  rad/sec  (1.6  to  9.2  Ha)  as 
indicated  by  the  power  spectrua  densities  of  the  noraal  acceleration  for  the  various  test  flights.  Since 
the  histories  for  all  teat  phases  are  generally  aisilar,  only  the  analyses  for  test  phase  I  and  IT  are  shows 
as  an  axasple. 


The  main  rotor  frequency  at  3.0  to  3.1  Hz  is  clearly  recognizable.  Below  this 
frequency,  a  whole  series  of  frequency  peaks  appear  which  are  distributed  so  that  it  is  impossible  to 
state  unambiguously  with  the  neans  available  here  which  one  of  the  two  natural  frequencies  can  be 
derived  from  the  difference  of  the  main  rotor  frequency  and  lead-lag  frequency  or  the  one  from  the 
nelicopter/extemal  cargo  system. 

However,  a  close  relation  to  the  frequencies  estimated  in  par*  2.1  and  those  takas  from  ref.  2  is  obvious. 

Am  there  to  a  possibility  that  energy  is  transported  into  the  hall  copter/ext ernal  cargo  systea  at  the 
difference  frequency  'Win  rotor  sinus  lead-lag",  a  considerable  damping  reduction  at  least  will  take  pines. 

Fig.  9  to  12  show  tho  transfer  functions  normal  acceleration  (1b)  due  to  collective  stick  movement  (0b) 
am  a  Bode  diagram  for  the  flight  phase  I  aad  IT  for  flight  1b  aad  3)0  already  used  an  an  exaaple 

Disregarding  the  values  above  20  rad/aac <  which  vary  considerably  due  to  inadequate  data  quality  in  this 
frequency  range, aaxlnua  transfer  ratios  arc  found  la  the  range  of  8  rad/aec  in  flight  1b  (without  cargo). 

The  order  of  magnitude  of  the  phase  rotations  occurring  la  this  case  is  90°.  The  combination  ef  the  transfer 
behaviour  found  with  a  staple  pilot  nodel,  as  shewn  in  para  J.1.1,  shows  that  tha  overall  loop  "pilot  and 
hellooptar"  remains  stable  and  tha  pilot  eaa  accomplish  his  control  task  without  any  extraordinary  problems. 
Fig.  13  aad  lb  contain  the  Nichols  charts  prepared  for  outlasting  tbs  hshsviour  ef  stability. 

For  a  helicopter  with  external  cargo  (flight  90,  Fig.  11  aad  12),  ths  situation  is  c eaglet sly  different. 

The  nsxinun  transfer  factor  occurs  new  at  approximately  12  rad/ sec  aad  is  relatively 

considerably  higher  than  for  ths  helicopter  without  cargo.  Therefore, the  attachment  ef  as  external  cargo 

unfavourably  affects  ths  helicopter  characteristics  is  two  ways! 

n)  Tha  sari  ana  transfer  factor  is  shifted  to  higher  frequencies, 
b)  The  aystva  dsapiag  is  reduced. 

Beth  considerably  coaplleate  the  teak  of  the  pilot  to  control  the  helicopter.  The  aaxiaua  transfer  factor 
Is  now  in  a  range  in  which  the  pilot  is  no  longer  capable  of  coatroling  the  helicopter  properly.  The  Nichols 
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tkirt*  (Ilf.  1?  and  16)  for  the  flight  phn»«o  oonoldorod  also  show  clearly  tho  redaction  of  tho  stability 
of  tho  closed  loop  "pilot/holiooptor  with  external  corps". 

During  the  flight  toot,  a  PIO  occurred  which  forced  the  pilot  to  drop  the  cargo.  Jig.  17  to  1?  show  the 
trasafer  function  "noraal  acceleration  due  to  stick  aovaaent"  Measured  in  this  ease.  fig.  2C  shows  a 
detail  of  the  associated  tiae  histories,  Tron  the  coaparison  of  the  power  apeetrua  densities  of  noraal 
acceleration  (14)  and  collective  stick  aoveaent  (4)  (Fig.  17)  as  well  as  froa  the  tiae  histories 
(Fig.  20),  the  response  of  the  pilot  to  the  aotion  which  has  the  effect  of  aaintaining  the  oscillation 
can  be  seen. 


Dm  the  ratio  "aarlana  transfer  faster  to  transfer  factor  in  the  stationary  state", the  (leaping  of  the 
apatea  caa  he  eetiaated. 

For  a  see  sad  order  apstea,  the  ralatieaa  for  a  1^1  ng  (  J )  according  to  ref.  /8/  are 

M  •  - 1  -71  u  sad  froa  that  X  .  (0.5  -  (0.25  -  -3  >  °*5)  0,5 

2(1.  -f)0-’  '  4M2 

As  a  stationary  wains  for  determinating  M, a  seen  wains  taken  froa  the  initial  values  of  the  t roaster  fuao- 
tioaa  "noraal  aoceleratioa  doe  to  stick  aoweaeat"  was  used. 


the  dsaplng  walues  ')  found  are  snaaarised  in  Ilf.  21  sad  22.  While  Tig.  21  shows  the  influence  of  the 
test  phase,  i.e.  the  influence  of  the  flight  condition  with  the  cargo  as  parameter  by  means  of  four  examples- 
The  influence  of  the  cargo  and  the  cargo  attachment  can  ho  seen  froa  Ilf.  22.  The  considerable  leaping 
reduction  of  the  systea  with  increasing  external  cargo  is  clearly  recognisable.  (Fig.  22).  the  erne  flight 
with  aa  internal  cargo  (No  15)  does  not  permit  an  uncahiguoue  estimation  of  the  influence  of  internal  cargos. 


It  can  also  be  seen  that  landing  approach  and  hover  phase  with  large  external  cargos  are  critical 
conditions  aa  far  as  the  damping  is  concerned  (Fig.  21).  For  flight  phase  I,  the  results  are  partly 
quite  unusual.  It  sseas  that  this  flight  phsss  stimulates  the  pilot  the  least  to  respond  by  mors 
frequent  collective  stick  movement.  Thia  effected  the  quality  of  the  data. 


PHOT 


Pilot  reporta  are  available  am  two  incidents  st  tho  Services  sad  an  easrgaaey  drop  daring  flight  tooting 
at  E-61  aa  a  result  of  vertical  oscillations.  The  essential  parts  of  tho  reports  are  briefly  repeated  hero: 

Chase  A. 

"While  initiating  tho  deaeeet  (at  a  forward  opted  of  30  to  40  CAS)  severe  vertical 
oscillations  connected  with  abrupt  ooc illations  (approx.  15°)  ahent  tho  longitudinal 
aad  transverse  axis  of  tho  helicopter  occurred  . 

la  order  to  bring  the  helicopter  beak  into  a  safe  flight  coalition  again  I  lacraaaad 
ths  power  with  the  resalt  ef  even  increasing  vertical  oeollXatieas.  Therefore  I  ordered 
.  1  "Drop".  After  that  the  flight  ooaditlcn  was  laaodlataly  noraal  again." 


Chase  B. 

"After  hawiag  passed  a  power  traasalsadOB  liae  the  dsasaat  to  approach  tho  landtag 
field  was  initiated.  Whan  e hanging  ths  collective  pitch  stick  position  tho  helicopter 
started  to  oscillate  vertically  00  severely  that  the  flight  attitude  oould  no  longer 
be  naintaiaod.  The  solitude  ef  the  oaoillatleaa  increased  rapidly,  t  tried  to  hoi  sane 
eat  tho  oscillation  by  aa  liidiote  climb,  however,  without  any  aaoeeaa.  The  oscillations 
beeaae  so  aovoro  that  tha  helicopter  threotaied  to  attala  aa  uaoontrollahlo  condition. 


*)  Sac  to  the  rather  arbitrary  seleetiea  of  tho  statieamry  oemditiem  tho  dMpiag  wnlnoo  foumd  should  act 
ho  interpreted  te  he  absolute  hat  rather  relative  values. 


24-7 


X  tol4  op  copilot  "Strop  ths  oargo".  After  having  dropped  the  corgi  the 
helicopter  imeediatslp  returned  to  a  ooraol  attitude." 

Chore  C.  bteroal  cargo  aaaa  6600  kg 

"la  additioo,  during  hover  at  a  height  of  150  ft  iapata  of  approx.  2  ca  in 
the  direction  "poah"  were  applied  to  the  collective  etick  in  order  to  check 
the  coelUatiag  behaviour  of  the  cargo  ia  the  vertical  direction  after  the 
aeaonriag  prograa  had  been  eeagleted.  After  the  3rd  input  of  unchanged 
aagaitude  the  helicopter  atarted  a  no  longer  controllable  "vertical  bounce" 
ao  that  the  external  cargo  had  to  be  dropped  ia  order  to  correct  thin 
condition.  FTon  the  initiation  until  the  drop  a  period  of  approx.  3  eeconde 
woe  required;  all  hydraulic  warning  light#  were  illuaiaated  and  extiaguiabed 
after  having  dropped  the  cargo.  The  external  cargo  won  deetructed  but  the 
helicopter  haa  not  been  rtaaaged 

Vertical  oeolllation  without  excitation  bp  the  collective  etick  did  not 
occur  (ext ready  atlll  air).  All  vertical  oacillationa  produced  bp  collective 
etick  excitation  were  of  aaall  amplitude  and  could  be  corrected  again  bp 
ayoteaaticallp  "frees ing  in"  the  controls  and  bp  releasing  the  collective 
trie,  reepectivelp,  with  the  exception  of  the  loot  teat  in  hover  during 
which  the  helicopter  continued  the  vertical  bounces  with  a  constant  large 
amplitude  even  after  tria  release. 

All  three  incidents  have  in  c canon  the  heavy  external  cargo  aaaa,  the  excitation  of  the  oscillation  bp 
the  transfer  of  a  vertical  interference  to  the  apstaa,  the  feeling  of  the  pilot  not  to  be  able  to 
correct  the  condition  bp  ooraol  or  sy stenotic  aeons,  respectively,  as  well  as  the  decay  of  the  oscilla¬ 
tion  after  having  dropped  the  cargo. 

According  to  the  results  fna  Fig.  21  and  22,  the  heavy  external  cargo  oust  have  led  to  a  considerable 
deaping  reduction  of  the  helicopter/ external  cargo  spot  on.  The  attachment  of  the  external  cargo  produced 
an  additional  natural  frequency  in  the  apstea  resulting  in  the  susceptibility  to  air  resonance.  This 
can  be  seen  fros  the  comparison  in  Fig.  5  and  6  as  well  as  fren  the  theoretical  considerations  given 
in  para  1.  This  additional  natural  frequency  is  beyond  tbe  range  normally  used  bp  the  pilot  for  control 
purposes,  however,  an  excitation  at  this  natural  frequency  is  possible  bp  somewhat  abrupt  or  "jerky" 
inputs  bp  aeans  of  the  collective  pitch  stick  as  deliberately  used  in  case  C. 

In  the  two  other  cases  it  can  also  be  assuaed  that  the  descent  was  node  in  such  an  abrupt  Banner  that 
the  oscillation  was  excited.  Tbe  systematic  behaviour  in  the  caaen  A  and  B  (initiation  of  a  eliab), 
which  can  counteract  peadul.ua  oscillations  of  a  cargo.  Instead,  causes,  the  contrary  during  vertical 
oscillations.  One  to  the  air  resonance  aeehanisa  a  power  increase  will  also  introduce  a  higher  power 
in  the  oscillation. 

Obviously  in  none  of  the  eases  described  above • the  collective  pitch  etick  has  boon  released  completely. 
Therefore  no  stateaeat  can  be  aade  whether  such  a  procedure  would  result  ia  the  decay  of  the  oscilla¬ 
tions.  Being  the  measured  results  as  a  basis, this  seeaa  to  be  possible.  However,  the  measured  results 
do  not  consider  the  effects  of  the  non-linear  behaviour  due  to  the  oscillations  (such  as  the  loss  of 
hydraulic  pressure).  Furthermore,  it  aust  be  doubted  that  such  a  behaviour  (release  of  tbe  collective 
pitch  etick)  in  the  given  overall  aituatloa  "landing  approach"  is  practicable. 

Sine#  the  dropping  of  tbo  cargo  ia  changing  the  characteristics  of  the  cpntca  entirely,  this  loads 
to  the  correction  of  the  deager--*e  flight  condition  according  to  the  tost  results  presented  in  this 
report. 

Proa  a  general  point  of  view, all  of  the  throe  quoted  pilot  ecoacats  describe  the  course  ef  aueh  aa 
event  ia  a  wap  that  can  also  be  expected  from  tbe  measured  results  and  the  theoretical  considerations. 


Two  pilot*  of  th«  toot  centre  portloipotod  it  tb*  oocopd  toot 
ton*.  Tig.  25  (oairlMi  tb*  ■*■■■*■  «nto  of  tb*  piteb,  roll  ■ 


«M  (flight  »  to  }1)  nd  oooplotod 
vertical  oootrol. 


1b*  plot  of  tb*  oootooooot  valuea  versus  tb*  eorgo  naas  shews  •  rotbar  aligbt ,  ummiforo  tendeocy  to 
poorer  »**f  it  with  lac  re*  si  eg  eorgo  oooo  (piteb  tad  roll  aotlao)  for  *11  too**.  Mt  olo*  oerreai 
eitb  tb*  «*B*laaieBO  tbot  e*o  b*  drawn  froo  tb*  traoofar  fustian  fooad  for  tb***  notion*. 


Quit*  unambiguously, tb*  dtgrodotlao  of  tb*  vertical  o octroi  eb*raot«ri*ti«a  wa* 
conotont  dlff*r*oe*  between  tb*  oaa***o*at  of  tb*  two  pilot*  i*  of  oour**  *o r*  o 
nnihigooo*  tndney  abeold  b*  oon*ld*r*d  bar*  *•  — «oti*l  foot. 


— — — d  by  tb*  pilot*.  Tb* 


5aaaaiiaiag.it  can  b*  *tat*d  that  pilot  eoaaoato  and  o****aatat  oorr«lat*  in  o  gait*  — hbign «*  oant 
with  tb*  reaelta  found  by  aiMnraati. 

Froa  these  results,  the  ays tea  behaviour  as  measured  correctly  describes  the  PIO  ph*no**non  and  can 
therefore  also  be  the  basis  for  a  change  of  the  systaa  with  the  objective  to  reduce  or  aliainate  the 
PIO  susceptibility. 


lb*  generation  of  a  PIO  ia  generally  initiated  by  input*  in  tb*  vertical  direction  a*  for  instance  typical 
daring  landing  approach  (auch  a*  collective  stick  Input a,  sp*ed  change*  and  gnsta).  A a  tb*  overall  systaa 
i*  dcnped  only  very  slightly  in  this  oaa*  and  tb*  PIO  frequency  occurs  ia  a  rang*  that  can  no  longer  be 
controlled  by  tb*  pilot;  only  dropping  tb*  cargo  will  .especially  in  the  cas*  of  heavier  external  cargo*, 
generally  raoult  in  tb*  recovery  tree  tb*  dangerous  flight  condition. 

Ia  principle,  a  batter  deeping  of  tb*  hslioopter/extarnal  cargo  ayaten  or  a  diaplaecncat  of  tb*  natural 
frequency  generated  by  the  attaobnant  of  the  cargo  towards  lower  frequencies  arc  conceivable  a*  corrective 
actions. 

A  reduction  of  the  PIO  susceptibility  can  also  be  achieved  by  making  it  harder  to  the  pilot  to  rapidly 
adjust  ths  collective  stick  as  necessary.  This  would  be  possible  by  increasing  the  collective  stick 
friction.  However,  in  such  a  csss  it  should  be  considered  that  an  increase  of  tbs  hysteresis  width  in  ths 
actuator,  which  would  result  in  an  increase  of  friction,  has  in  principle,  a  destabilising  effect.  This 
corrective  action  repreeents  an  aid  for  ths  pilot  in  freezing  in  the  collective  stick  position  to 
correct  a  PIO  rather  than  an  iaproveaant  of  ths  stability  of  the  pilot/helieopter  loop.  The  upper  llait 
of  the  adjustment  values  proposed  by  the  contractor  should,  therefore,  by  all  marnns  ba  considered. 


Markedly  steady  flying  with  slow  control  inputs  especially  daring  tb* 
is  also  suitable  to  been  or  tb*  occurrence  of  a  PIO  situation. 
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Fig-  2  Natural  Frequencies  at  Vertical  Oscillations  of 

the  Cargo 
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Parameter  Parameter 
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Type  of 
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0.1 
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0.1 
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IH -direct 
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05 
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0 
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0.1 
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0.1 
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14 

Normal  Acceleration 

+ 
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36 
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1? 

Roll  Rate 

-f 

15°/*ec 

0.7 

6 

FM-direct 

18 
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0.7 

15 

FM -direct 

Time  Code 

0.001  sec 
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=  Automatic  Flight  Control  System 

Fig.  3 

List 

of  Parameters 
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Flight 
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Cargo  Hass 
kg 

Material  of 
Cargo  Sling 

Value  of  Friction 
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Stick 

Pilot 
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14 

_ 

_ 
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A 

15 

Internal  Cargo 

3000 

- 

high 

A 

18 

3000 
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high 

A 

19 
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A 

20 
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A 

21 
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A 

00 
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PI0  occurrence  during  hover 
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A 

25 
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A 

26 
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low 
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27 
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B 

28 
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A 

29 
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Polyamide 
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B 
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A 

31 
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A 
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and  emergency  drop  of  cargo 

Fig.  4 
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PREDICTION  OF  AIRCRAFT  HANDLING  QUALITIES 
USING  ANALYTICAL  MODELS  OF  THE  HUMAN  PILOT 

by 

Ronald  A.  Hess 
Research  Scientist 
NASA  Ames  Research  Center, 

Moffett  Field,  California  94035 


SUMMARY 

The  optimal  control  model  (OCM)  of  the  human  pilot  is  applied  to  the  study  of  air¬ 
craft  handling  qualities.  Attention  is  focused  primarily  on  longitudinal  tasks.  The 
modeling  technique  differs  from  previous  applications  of  the  OCM  in  that  considerable 
effort  is  expended  in  simplifying  the  pilot/ vehicle  analysis.  After  briefly  reviewing 
the  OCM,  a  technique  for  modeling  the  pilot  controlling  higher  order  systems  is  intro¬ 
duced.  Following  this,  a  simple  criterion  for  determining  the  susceptibility  of  an 
aircraft  to  pilot-induced  oscillations  (PIO)  is  formulated.  Finally,  a  model-based  metric 
for  pilot  rating  prediction  is  discussed.  The  resulting  modeling  procedure  provides  a 
relatively  simple,  yet  unified  approach  to  the  study  of  a  variety  of  handling  qualities 
problems. 


1.  INTRODUCTION 

The  advent  of  modern  digital  stability  and  control  augmentation  systems  has  created 
a  renewed  interest  in  the  study  of  aircraft  longitudinal  handling  qualities.  This 
renewed  interest  is  attributable  to  two  factors:  First,  the  higher  order  nature  of  the 
dynamics  typically  associated  with  digital  control  systems  makes  analytical  prediction 
of  handling  qualities  difficult.  Contemporary  handling  qualities  specifications  (Ref.  1) 
are  written  assuming  "classical"  aircraft  characteristics,  e.g.,  in  the  longitudinal 
mode,  the  existence  of  distinct  and  dominant  short-period  dynamics  is  assumed.  With 
modern  systems,  the  short-period  characteristics  may  be  dramatically  altered  by  feedback 
and  the  higher  order  control  system  dynamics  may  dominate  the  vehicle  handling  qualities. 
Second,  shortcomings  in  predictive  techniques  are  made  even  more  critical  by  the  fact 
that  severe  handling  qualities  deficiencies  often  arise  in  practice  which  are  directly 
attributable  to  the  higher  order  nature  of  the  digital  control  law  implementation.  An 
example  of  this  is  the  ability  of  high  frequency  phase  lags  or  time  delays  in  the  control 
system  to  sharply  degrade  aircraft  handling  qualities  and  to  be  a  contributing  factor  to 
pilot-induced  oscillations  (Ref.  2). 

In  the  research  to  be  described,  a  pilot-modeling  technique  for  handling  qualities 
research,  discussed  in  Ref.  3,  is  utilized  and  extended  to  cover  higher  order  systems. 

The  characteristics  of  over  thirty  aircraft  configurations  are  analyzed,  primarily  in 
the  longitudinal  mode.  Particular  emphasis  is  placed  upon  those  configurations  where 
control  system  dynamics  and  time  delays  have  been  recognized  as  contributing  factors  to 
handling  qualities  deficiencies.  The  contribution  of  vehicle/control  system  dynamics 
to  PIO  tendencies  is  outlined,  and  a  metric  for  pilot  rating  prediction  is  discussed. 
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2 .  BACKGROUND 

The  pilot -modeling  technique  as  discussed  in  Ref.  3  forms  the  framework  for  the 
research  described  here.  This  technique  utilizes  the  optimal  control  model  of  the  human 
pilot  and  a  novel  method  for  the  a  priori  selection  of  dominant  OCM  parameters  (index 
of  performance  weighting  coefficients  and  observation  noise/signal  ratios).  A  brief 
tutorial  review  of  the  procedure  for  selecting  index  of  performance  weighting  coefficients 
is  now  presented.  Consider  the  longitudinal  tracking  task  of  Fig.  1  in  which  the  pilot 
is  attempting  to  minimize  pitch  attitude  deviations  0(t)  in  the  presence  of  atmospheric 
disturbances.  Ignore  the  dashed  "internal  attitude  command”  for  the  present.  An  accept¬ 
able  index  of  performance  for  this  task  would  be  (Ref.  3) 


£  f  [©2(t >/©2 +  «2<t)/«(|dt 

—  —  V 


where  4(t)  is  control  rate. 

As  discussed  in  Ref.  3,  we  assign  an  arbitrary  maximum  allowable  deviation  to  the 
time  rate  of  change  of  the  error,  6(t),  and  denote  it  Now  an  effective  time  constant 

T  can  be  introduced  to  define  maximum  allowable  deviations  of  the  integral  and  derivatives 
of  0(t)  as: 


(1) 


and 


fig  «  specified  but  arbitrary  ; 
«*  »  9y/T  ; 

eM  -  eM/T  -  8m/T2  . 


The  Justification  for  using  a  single  time  constant  to  represent  the  ratio  of  the  maximum 
value  of  a  variable  to  that  of  its  next  highest  derivative  rests  upon  the  system  bandwidth 
implications  which  follow  when  Eq.  (1)  is  used  in  implementing  the  OCM.  We  will  also 
assign  a  maximum  allowable  deviation  to  the  time  rate  of  change  of  the  pilot's  control, 
S(t),  and  denote  it  iy.  Similar  to  Eq.  (1)  we  write 


=  to  be  selected  ; 

-  «„/T  ; 

«„  "  tyT  -  6m/T2  ;  (2) 


The  value  of  is  not  arbitrary,  however,  but  is  found  using  Eqs.  (1)  and  (2)  and  the 

vehicle  dynamics  as  follows:  Let  the  pitch  attitude  dynamics  of  the  aircraft  be  given  by 


6 

S 


(s) 


sn  +  b 


n-1 


i  M  a 

n-1 


+  . 


.  +  a-s  + 
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+  b^s  +  b 
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Then,  as  explained  in  Ref.  3,  we  write 

•  _  VT"-1  >  IVil/T0"2  »  [bj  ♦  |bp|T 

“  K(l/Tn'2  +  |an.2|/T“-3  ♦  .  .  .  +  jai|  +  | ac j t)  " 


(3) 


(4) 


Thus,  once  T  is  known,  6U  and  6|(  (and,  if  needed,  ,  etc.)  can  be  determined  immedi¬ 
ately.  Choosing  T  involves  selecting  a  domain  of  1/T:  1/4t  <  1/T  <  4/r  and  then 
plotting  J,  the  value  of  the  OCM  index  of  performance,  vs  1/T.  The  operating  point  or 
"knee"  of  this  curve  determines  T.  The  knee  is  defined  as  the  point  where 


,  3 J  _  „  JIt-t/4  ~  J1t-4t 

Slog( 1/T)  n5  log(4/x)  -  log( 1/4t ) 


Here  n$  is  a  constant,  nominally  unity,  which  can  be  used  to  reflect  manipulator 
characteristics,  much  like  an  efficiency  factor;  t  is  the  pilot's  time  delay  (nominally 
0.2  sec).  j|t»t/4  1s  the  value  of  the  index  of  performance  which  results  when  T  «  t/4. 

The  ability  of  the  OCM  parameter  selection  technique  to  provide  a  pilot  model  which 
matches  measured  pilot  describing  functions,  remnant  power  spectral  densities  and  root 
mean  square  (RMS)  performance  measures  was  demonstrated  in  Ref.  3.  In  addition,  the 
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modeling  technique  was  shown  capable  of  providing  qualitative  and  quantitative  handling 
qualities  assessments.  The  method  for  selecting  observation  noise/signal  ratios  for 
the  OCM  is  discussed  in  Ref.  3  and  will  not  be  dealt  with  here. 

Although  Eq.  (3)  shows  dynamics  of  arbitrary  order;  all  the  pitch  attitude  dynamics 
of  Ref.  3  were  of  the  form: 


9 

7 


Vs  + 

- 2 - - T~ 

s(s  +  2t  u>  a  +  ur) 
no  n 


(6) 


When  higher  order  dynamics  are  encountered,  the  method  for  selecting  the  operating  point 
needs  to  be  modified  slightly.  The  large  phase  lags  typically  associated  with  the 
dynamics  of  vehicles  with  higher  order  dynamics  need  to  be  reflected  in  choosing  the 
domain  of  1/T  to  be  used  in  Eq.  (5).  To  accomplish  this,  a  delay  xp  is  defined  as 
the  delay  which  accrues  when  the  vehicle  dynamics  of  Eq.  (3)  are  represented  as 
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"tds 

K0(s  +  l/TL)e  ° 

- 2 - 5“ 

s(s  +  2c  s  +  u  ) 
n  n  n 


(7) 


The  parameters  on  the  right  hand  side  of  Eq.  (7)  are  found  using  a  program  to  fit  a 
linear  transfer  function  model  to  the  actual  vehicle  dynamics  (Ref.  4).  Equation  (5)  is 
modified  by  simply  replacing  t  with  x  +  xp.  The  resulting  equation  is  Interpreted 
graphically  in  Fig.  2.  Calculating  xp  and  including  it  in  Eq.  (5)  constitutes  the 
extension  of  the  methods  of  Ref.  3  to  higher  order  systems.  It  is  important  to  emphasize 
that  the  actual  higher  order  vehicle  dynamics  are  used  in  the  modeling  procedure;  Eq.  (7) 
is  employed  only  to  select  xp  which,  in  turn,  determines  the  domain  of  1/T  used  in 
finding  the  index  of  performance  weighting  coefficients. 


3.  APPLICATION  TO  AIRCRAFT  HANDLING  QUALITIES 

3.1  Pilot-Induced  Oscillations 

Table  I  lists  the  aircraft  configurations  which  have  been  analyzed  In  this  study. 

The  designations  in  the  column  labeled  "Configuration"  use  notation  found  in  the  corre¬ 
sponding  references.  The  first  sixteen  deal  with  high  performance  fighter-type  aircraft 
in  tracking  or  landing  approach  conditions  and  are  taken  from  Refs.  2,  5,  and  6.  These 
configurations  constitute  the  test  cases  for  the  majority  of  the  assessments.  The  next 
four  configurations  are  taken  from  Ref.  7  and  represent  pilot-in-the-loop  simulations  of 
a  hovering  helicopter.  Configurations  21-25  are  flight  test  results  from  Ref.  9  in 
which  the  Princeton  University  Variable  Response  Aircraft  (VRA)  was  used  to  determine 
the  effect  of  digital  sampling  rates  and  time  delays  on  longitudinal  handling  qualities. 
The  vehicle  dynamics  appropriate  for  105  kts  airspeed  were  used  in  the  modeling  procedure. 
The  pilot  ratings  used  were  average  values  obtained  from  altitude  tracking  and  approach 
and  landing  tasks  (Fig.  3  of  Ref.  9).  Finally,  configurations  26-32  are  taken  from 
Ref.  10  where  a  moving-base  simulator  experiment  on  the  NASA  Ames  Flight  Simulator  for 
Advanced  Aircraft  (FSAA)  was  described  which  investigated  a  wings  level-turn  control 
mode  for  air-to-ground  weapons  delivery.  Note  that  unlike  the  previous  twenty-five 
configurations,  these  involve  lateral-directional  aircraft  handling  qualities.  The 
effective  vehicle  dynamics  for  the  lateral  gunsight  aiming  task  were  parameterized  by 
a  damping  ratio  cn,  an  undamped  natural  frequency  utn  and  a  pure  time  delay  xp 

(Ref.  10).  The  data  for  the  so-called  "fine"  task  were  used.  This  task  is  explained  in 

Ref.  10. 

As  an  example  of  the  modeling  results,  Fig.  3  shows  the  longitudinal  open-loop 
pllot/vehicle  characteristics  (YpYc)  for  three  of  the  configurations  used  in  Ref.  2. 

Here,  the  NASA  Dryden  F-8  digital  fly-by-wire  aircraft  is  considered  with  a  rudimentary 
augmentation  system  ("Pitch  Direct")  and  three  transport  time  delays  of  0.13  sec,  0.23 
sec,  and  0.33  sec,  respectively.  The  predicted  effect  of  the  time  delays  is  apparent 
in  the  reduced  open-loop  crossover  frequencies  u>c.  This  open-loop  characteristic 
obviously  has  a  deleterious  effect  on  the  closed  loop  0/6c  transfer  functions  as  shown 

in  Fig.  4  (@/0p  “  YpY0/(l  +  YpY0)} .  This  transfer  function  is  important  in  assessing 

PI0  susceptibility.  Although  the  task  has  been  defined  as  pitch-attitude  disturbance 
regulation,  attitude  commands  0Q  internally  generated  by  tbe  pilot  would  be  employed 
in  precise  altitude  regulation  (dashed  line  in  Fig.  1).  Note  in  Fig.  4,  that  as  xp 
increases,  |0/0CI  end  £8/0c  decrease  at  all  frequencies.  Perfect  command  following, 
of  course,  implies  0/0c  *  1.0  at  all  frequencies.  In  Fig.  4,  |0/0C|  <  1.0  for  all 
configurations  when  u  <  3.0  rad/sec,  and  is  particularly  poor  for  the  configuration 
with  Xp  “  0.33  sec.  It  can  be  readily  shown  that  open-loop  crossover  frequencies  less 
than  3-4  rad/sec  will  Invariably  result  in  poor  closed-loop  attitude  command- following 
characteristics.  The  simplest  and  most  direct  way  for  the  pilot  to  attempt  to  improve 
this  closed  loop  command-following  performance  is  to  Increase  «c  by  Increasing  his 
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static  gain.  If  tbs  pilot  attempts  this  for  the  F-8  configuration  with  tp  “0.33  sec, 
a  very  lightly  damped  closed-loop  oscillation  occurs  at  w  »  3,3  rad/sec  (see  Fig,  4). 

This  is  Identical  to  the  PIO  frequency  shown  in  Ref.  2  for  this  configuration. 

Similar  results  are  also  obtained  for  configurations  from  Ref.  5.  Figure  5  compares 
a  pair  of  open-loop  transfer  functions  obtained  using  configurations  "11"  and  "12"  from 
Ref.  5  and  applying  the  pi lot -mode ling  technique  discussed  above.  Once  again,  the 
dramatic  difference  in  the  crossover  frequencies  uc  is  apparent.  The  effects  of  the 
pilot's  attempting  to  improve  the  performance  of  configuration  ”12"  by  increasing  his 
static  gain  by  10  dB  are  shown  in  Fig.  6.  Once  again,  a  lightly  damped  oscillatory 
mode  is  seen  to  appear.  The  simulations  of  Ref.  S  were  intended  to  provide  performance 
comparisons  for  configurations  which  were  flight  tested  and  discussed  in  Ref.  8.  The 
latter  report  included  Pilot-Induced-Oscillation-Ratings  (PIOR)  obtained  using  the  scale 
of  Fig.  7.  It  is  interesting  to  note  that  configuration  "11"  received  an  average  PIOR 
of  1  indicating  a  very  satisfactory  vehicle  whereas  configuration  "12"  received  a 
marginal  average  rating  of  2.7  indicating  a  vehicle  with  definite  PIO  tendencies.  These 
experimental  results  are  seen  to  corroborate  the  analytical  findings  just  discussed. 

Next,  consider  two  configurations  from  Ref.  6  denoted  as  "4-1"  and  ”6-1."  Figure  8 
shows  the  YpYc  plots  for  these  configurations.  Configuration  ”4-1"  received  a  very 
satisfactory  PIOR  of  1  whereas  configuration  "6-1"  received  a  very  poor  PIOR  of  4. 

Indeed,  configuration  "6-1"  produced  a  PIO  in  flight  test  with  a  frequency  of  approxi¬ 
mately  3.75  rad/sec.  Analytically  increasing  the  pilot's  static  gain  by  4.75  dB  (the 
limit  for  closed-loop  stability)  in  the  modeling-results  for  this  configuration  produced 
a  closed- loop  oscillation  at  approximately  3.5  rad/sec.  This  4.75  dB  increase  would 
increase  wc  from  around  1.5  rad/sec  to  only  around  2.5  rad/sec  as  compared  to  a  value 
of  4.5  rad/sec  for  configuration  "4-1." 

Figure  9  shows  the  predicted  YpYc's  for  a  pair  of  coniigurations  from  Ref.  9. 

The  task  was  longitudinal  control  in  approach  and  landing  using  the  Princeton  VRA. 

The  variable  of  interest  here  was  the  amount  of  effective  delay  in  the  control  syBtem. 

In  the  first,  an  effective  delay  of  0.055  sec  was  employed,  while  in  the  second,  0.355  sec 
was  used.  Again,  note  the  striking  difference  in  crossover  frequencies  in  the  predicted 
pilot/vehicle  dynamics.  In  the  first  case,  uc  »  3.4  rad/sec,  while  in  the  latter, 
uc  -  0.55  rad/sec.  Flight  test  of  the  first  configuration  showed  no  PIO  tendencies, 
while  those  for  the  latter  produced  PIO's  (Ref.  9). 

Finally,  Fig.  10  shows  the  predicted  YpYc's  for  a  pair  of  configurations  from 
Ref.  10.  In  the  first,  the  control  system  parameters  were  Cn  “  1.4,  un  “  2.0  rad/sec 
and  Tp  *  0.0  sec,  while  in  the  second,  cn  “  1.4,  wn  *  15.0  rad/sec  and  tp  *  0.49  sec. 

The  <dc  difference  is  again  evident.  Simulation  results  indicated  that  the  configura¬ 
tion  with  delay  was  definitely  PIO  prone  and  the  one  without  delay  was  not.  It  is 
interesting  to  point  out  that  the  configuration  without  delay  still  received  an  average 
Cooper-Harper  pilot  rating  of  6.5,  even  though  it  was  not  PIO  prone.  Thus,  poor  pilot 
ratings,  per  se,  are  not  a  necessary  condition  for  PIO  susceptibility. 

In  each  of  the  cases  above,  we  have  made  direct  comparisons  of  vehicles  which  were 
found  to  be  PIO  prone  with  those  which  were  not.  This  was  done  to  emphasize  the  fact 
that  the  method  proposed  here  is  clearly  discriminatory  in  predicting  PIO  susceptibility. 
The  simple  criterion  for  exonerating  a  vehicle  from  PIO  tendencies  requires  that  the 
predicted  pilot/vehicle  crossover  frequencies  associated  with  inner  attitude-loops  be 
greater  than  3-4  rad/sec. 

3.2  Cooper-Harper  Ratings 

Figure  11  is  a  plot  of  the  Cooper-Harper  ratings  which  the  thirty-one  configurations 
from  Table  I  received  in  simulation  or  flight  test  vs  the  value  of  a  proposed  handling 
qualities  metric  defined  as  K,C(t  +  tp)/x3**J.  No  ratings  were  reported  in  Ref.  10  for 
configuration  32  of  Table  I.  Hence,  only  thirty-one  data  points  are  shown  in  Fig.  11, 

The  Ki  can  be  interpreted  as  a  "calibration  parameter"  which,  when  multiplied  by 
C ( t  +  td)/t3 " • J ,  allows  the  reported  pilot  ratings  from  different  tasks  and  data  sources 
to  coalesce  as  shown  in  Fig.  11.  Note  that  we  do  not  allow  Ki  to  vary  within  the 
aualysls  of  any  particular  task,  regardless  of  configuration  changes.  Thus,  the  analysis 
of  the  six  configurations  from  Ref.  2  used  a  single  value  of  K*  (call  it  Kj).  The 
analysis  of  the  seven  configurations  from  Refs.  5  and  8  used  a  single  value  of  E<  (call 
it  Kq),  etc.  In  all,  six  different  Kj  values  (each  one  corresponding  to  the  six 
different  symbols  in  Fig.  11)  were  used  to  generate  Fig.  11.  With  the  exception  of  E^, 
all  the  parameters  of  the  metric  are  an  Intrinsic  part  of  the  modeling  procedure,  and, 
as  such,  involve  no  guesswork  on  the  part  of  the  analyst.  In  order  to  determine  Ei, 
the  analyst  must  have  an  actual  pilot  rating  for  one  of  the  configurations  tested  for 
the  task  under  study.  If  the  analyst  does  not  have  such  a  rating  available,  Fig.  11  is 
still  useful,  since  the  curve  is  nearly  linear  from  a  pilot  rating  of  about  2.0  to  10.0, 
a  range  which  covers  80%  of  the  Cooper-Harper  scale.  Thus,  rolativ  rating  changes  may 
be  able  to  be  predicted  using  the  linear  portion  of  the  curve.  Note  that,  with  the 
exception  of  one  data  point  (Config.  IB  from  Ref.  7),  the  scatter  in  the  ratings  in 
Fig.  11  is  only  about  ±|  a  pilot  rating. 

The  inclusion  of  the  factor  C(t  +  tp)/t3*  in  the  metric  deserves  a  brief  discussion. 
In  previous  research  with  the  OCX ,  the  value  of  J,  alone,  has  been  found  to  correlate 
well  with  pilot  opinion  rating  (Ref.  11).  In  many  of  the  configurations  studied  here, 
however  (those  with  tp  >  0),  the  value  of  J  was  not  acceptable  as  a  metric.  In 
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I  general,  the  "predicted"  opinion  rating  increments  were  smaller  than  those  reported  in 

|  experiment.  There  appears  to  be  a  reason  for  this  based  upon  pilot  tracking  performance. 

(  Namely,  when  the  task  is  disturbance  regulation  involving  relatively  low-bandwidth 

(  turbulence,  large  time  delays  are  not  necessarily  a  harbinger  of  dramatic  deterioration 

i  in  tracking  performance.  This  is  analytically  verified  by  considering  the  RMS  tracking 

’  scores  for  configurations  1  and  3  from  Table  I.  Here,  a  154%  Increase  in  time  delay 

between  configurations  1  and  3  involves  a  log  uc  regression  of  nearly  a  decade. 

However,  the  predicted  RMS  pitch  attitude  score  increases  by  only  36%  and  the  predicted 
;  RMS  control-rate  score  actually  decreases.  As  we  have  attempted  to  point  out  here, 

however,  the  same  cannot  be  said  for  discrete  command  following  or  abrupt  maneuvers. 

In  this  case,  uc  regression  can  have  a  significant  impact  on  the  ability  of  the  closed- 
loop  pilot/vebicle  system  to  follow  abrupt,  Internally  generated  commands.  It  certainly 
is  not  unreasonable  to  postulate  that  such  short-term  response  characteristics  (in  addi¬ 
tion  to  RMS  characteristics)  are  reflected  in  pilot  opinion  rating.  Indeed,  recorded 
pilot  comments  support  this  notion  (e.g.,  Refs.  2  and  6).  The  inclusion  of  C(t  ♦  td)/t31' 
in  the  metric  appears  to  account  for  the  influence  of  these  delays  on  pilot  opinion  in 
a  straightforward  manner,  employing  an  easily  identifiable  parameter  (td). 


4.  CONCLUSIONS 

The  research  summarized  in  this  paper  provides  a  unified  approach  to  pilot/vehicle 
analysis,  and  in  particular  for: 

1)  Modeling  the  pilot  controlling  higher  order  systems. 

2)  Predicting  the  susceptibility  of  aircraft  to  longitudinal  PIO's. 

3)  Predicting  pilot  ratings  for  tasks  when  one  configuration  rating  is  known,  or 
predicting  relative  rating  changes  between  configurations. 

Although  the  majority  of  tasks  studied  dealt  with  longitudinal  control,  five  lateral- 
directional  configurations  were  successfully  analyzed  with  no  changes  in  the  modeling 
technique. 
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Table  I.  Aircraft  Configurations  Analyzed 


Mo.  Configuration  _ Reference 


1 

P-8  "Pitch  Direct" 

0.13  sec 

delay 

2 

2 

.23 

2 

3 

.33 

2 

4 

"ISAS" 

0.13  sec  delay 

2 

5 

.23 

2 

8 

.33 

2 

7 

"2D" 

5,8 

8 

"5A" 

5,8 

9 

"8A" 

5,8 

10 

"9" 

5.8 

11 

"10" 

5,8 

12 

"11" 

5,8 

13 

"12" 

5.8 

14 

"3-1" 

6 

IS 

"4-1" 

6 

16 

"6-1" 

6 

17 

"PH-28" 

7 

18 

"PH-29" 

7 

19 

"PH-32" 

7 

20 

"PH-35" 

7 

21 

Princeton  VRA 

0.055  sec  delay 

9 

22 

.135 

9 

23 

.255 

9 

24 

.355 

9 

25 

.455 

9 

FSAA  Wings-Level  Turn 

cn 

wn 

TD 

10 

( lateral-directional ) 

(rad/sec) 

(sec) 

26 

1.4 

15.0 

0 

10 

27 

1.4 

2.0 

0 

10 

28 

2.0 

8.0 

0 

10 

29 

0.7 

6.0 

0 

10 

30 

0.5 

4.5 

0 

10 

31 

0.3 

4.5 

0 

10 

32 

1.4 

4.5 

0.49 

10 

<Y.Y 


PK>  TWDGNCY  RATMQ  SCALE 


numsrical 

RATtNO 


description 


NO  TENDENCY  PORPOOTTOINOUCE 
UNDESIRABLE  MOTIONS. 

UNDESIRABLE  MOTIONS  TEND  TO  OCCUR 
TESABR 


OR  ATTEMPTS  TIGHT 
CONTROL.  THESE  MOTIONS  CAN  K 
PREVCNTEO  OR  ELIMINATED  BY  PILOT 
TECHNIQUE. 

UNDESIRABLE  MOTIONS  EASILY 
INDUCED  WHEN  PILOT  INITIATES  ABRUPT 
MANEUVERS  OR  ATTEMPTS  TIGHT 
CONTROL.  THESE  MOTIONS  CAN  BE 
PREV SITED  OR  ELIMINATED  BUT  ONLY 
AT  SACRIFICE  TO  TASK  PERFORMANCE 
OR  THROUGH  CONSIDERABLE  PILOT 
ATTENTION  AM)  EFFORT. 

OSCILLATIONS  TWO  TO  DEVELOP 
WHEN  PILOT  INITIATES  ABRUPT 
MANEUVERS  OR  ATTEMPTS  TIGHT 
CONTROL.  PILOT  MU6T  REDUCE  GAIN  OR 
ABANDON  TASK  TO  RECOVER. 

DIVERGENT  OSCILLATIONS  TEND  TO 
DEVELOP  WHEN  PILOT  INITIATES 
ABRUPT  MANEUVERS  OR  ATTEMPTS 
TIGHT  CONTROL.  PILOT  MUST  OPEN 
LOOP  BY  RELEASING  OR  FREEZING  THE 
STICK. 

DISTURBANCE  OR  NORMAL  PILOT 
CONTROL  MAY  CAUSE  DIVERGENT 
OSCILLATION.  PILOT  MUST  OPEN 
CONTROL  LOOP  BY  RELEASING  OR 
FREEZING  THE  STICK. 


Figure  7.  The  pilot-induced-oscillation 
rating  scale. 
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Figure  9. 

Pilot/vehicle  dynamics  for 

two  configurations  froa 

Ref.  9. 
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Figure  8.  Pilot/ vehicle  dynaaics  for 
two  configurations  fro* 
Ref.  6. 


Figure  10.  Pilot /vehicle  dynaaics  for 
two  configurations  froa 
Ref.  10. 
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Figure  11.  Cooper -Harper  pilot  ratings 
vs  a  proposed  aodel-based 
metric. 
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SUM4AKY 


This  paper  addresses  the  role  of  in-flight  simulation  in  predicting  and  reproducing  flying  qual¬ 
ities.  Reliable  flying  qualities  predictions  can  be  difficult.  Measuring  workload  is  technically  chal¬ 
lenging.  There  are  psychological  and  political  pressures  on  the  evaluation  pilot.  The  variety  of  dynam¬ 
ics  end  the  nuaber  of  parameters  involved  in  airplane  flying  qualities  are  large.  The  tasks  are  frequent¬ 
ly  difficult  to  accurately  simulate  on  the  ground.  Bxaaples  from  several  airplane  development  programs 
are  presented  to  illustrate  some  of  the  faulty  predictions  that  have  been  made  with  ground  simulators . 
These  examples  provide  flying  qualities  situations  that  can  be  used  for  more  formal  comparisons  of  ground 
simulation  with  in-flight  simulation  and  for  developing  general  hypotheses  which  could  them  be  tested. 
Modern  in-flight  simulation  capability  is  discussed  enphasixing  model-following  accuracy,  model  complex¬ 
ity,  and  special  effects  such  as  artificial  crosswinds,  turbulence,  and  ground  effects.  Coat  effective¬ 
ness  is  addressed.  A  role  co^leaentary  to  ground  simulation  is  seen  for  in-flight  simulation.  The  paper 
suggests  that  simulation  planning  could  be  improved  by  performing  these  formal  experiments  to  define  the 
predictive  value  of  various  ground  simulator  features  such  as  large  notion  and  high-quality  visual  cues. 


LIST  OF  SYMBOLS 


e-  volts  due  to  roll  stick  force 

aa 

F  Roll  stick  force 

as 

pitch  stick  force 

ng  normal  acceleration  at  the  center  of  gravity 

n  normal  acceleration  at  the  pilot's  location 

*P 

p  roll  rate 

pg  roll  rate  coanand 

PSA  roll  acceleration  in  stability  axes 

q  pitch  rate 

q  dynamic  pressure 

yaw  acceleration  in  stability  axes 
a  Laplace  operator 

a7  thrust  change  frou  trim  value 

V  airspeed 

a  angle  of  attack 

elevator  deflection 
elevator  deflection  command 
*M  pitch  stick  deflection 

»n  throttle  deflection 

•  pitch  angle 

(ml  &■,  a*  0 

im)  .  «  *  0 

mo  milliseconds 

K8  flight  control  system 

HO  pilot -induced  oecil  lotion 


INTRODUCTION 


In  this  tine  of  inflationary  pressures  and  budget  squeezes,  it  is  more  important  than  ever  to  do 
a  better  job  of  predicting  flying  qualities.  In  the  later  stage  of  an  airplane's  development,  the  high 
rate  of  expenditure  makes  even  short  delays  very  expensive.  Hopefully,  the  day  is  past  when  extensive 
aerodynamic  fixes  are  required.  These  would  be  disastrous  to  the  modern  development  program.  Neverthe¬ 
less,  if  flying  qualities  problems  are  first  uncovered  in  flight  test,  the  cost  can  be  substantial  even  if 
only  flight  control  software  changes  are  involved.  Depending  on  the  design,  more  costly  firmware  or  hard¬ 
ware  changes  may  be  required. 

For  presently  obscure  reasons,  the  motivation  to  improve  our  knowledge  of  how  to  predict  or  repro¬ 
duce  flying  qualities  does  not  emanate  strongly  from  the  ground  training  field.  Increased  crew  training 
in  simulators  is  vital  to  both  military  and  civil  aviation.  Good  flying  qualities  reproduction  which  in  the 
past  has  involved  much  of  the  same  simulator  technology  as  used  in  airplane  development.  Should  pay  off 
in  less  flight  training  costs  in  the  actual  airplane.  However,  a  relatively  small  portion  of  the  pilot's 
typical  training  curriculum  involves  flying  qualities  in  the  short  term,  closed-loop  sense.  The  presence 
of  moving  bases  on  training  simulators  attests  to  someone's  belief  that  limited-motion  acceleration-onset 
cuing  is  cost  effective.  Depending  on  the  mission  and  the  training  objectives,  this  may  or  My  not  be 
true,  fti  one  hand,  the  discrete  alerting  side  acceleration  cue  following  an  engine  failure  on  takeoff  may 
be  quite  important  to  training  for  emergencies .  On  the  other,  it  is  doubtful  that  much  is  to  be  gained 
in  teaching  fixed-wing  instrument  flying  procedures  by  adding  motion  to  a  well-designed  fixed-base  simula¬ 
tor.  Thus,  the  training  cost  effectiveness  of  notion  cuing  in  ground  sissilators  is  controversial.  High 
quality  visual  cuing,  on  the  other  hand,  is  vital  for  many  training  tasks. 

the  thesis  of  this  paper  is  that  predicting  flying  qualities  Involves  risk  and  that  the  modern 
in-flight  simulator  can  be  a  big  help  in  reducing  the  risk.  Much  of  this  uncertainty  arises  from  the 
fact  that  experiments  have  not  been  done  which  can  provide  the  data  to  cost  effectively  partition  an  air¬ 
plane  development  effort  among  simulator  types  and  capabilities.  A  collection  of  experiences  in  several 
development  programs  is  presented  which  illustrate  the  kinds  of  problems  that  prediction  can  encounter. 

These  examples  make  the  point  that  total  reliance  on  ground  simulation  can  be  a  mistake.  The  state-of- 
the-art  in  in-flight  sisailation  is  discussed  to  emphasize  that  this  technology  has  matured  enough  to  be 
routinely  used  in  airplane  development  and  even  in  part-task  training.  Future  advances  in  this  state-of- 
the-art  are  forecasted  to  greatly  add  to  our  understanding  of  flying  qualities. 


PREDICTING  FLYING  QUALITIES 


The  standard  pilot  comment  after  the  first  flight  is  that  "it  flew  just  like  the  simulator." 

If  we  could  always  be  sure  that  this  would  be  the  result,  we  would  have  good  reason  to  congratulate  our¬ 
selves  and  flight  pay  would  be  a  lot  lower.  Unfortunately,  that  statement  is  usually  the  beginning  and 
ending  of  effort  to  correlate  predictions  with  reality.  Also  the  pilot  My  not  be  specifically  referring 
to  flying  qualities  by  themselves  but  to  a  more  overall  impression  of  the  airplane's  behavior  which  My 
include  rate  of  climb,  stall  speeds  and  other  items  of  performance .  Predicting  flying  qualities  involves 
uncertainty.  Some  of  this  uncertainty  lies  in  the  process  of  flying  qualities  measureawnt .  Some  is  due 
to  psychological  and  political  factors.  Some  is  due  to  basic  technical  difficulty. 

As  is  well  known,  flying  qualities  measurement  Involves  closed-loop  control  performance  and 
workload.  Since  flying  qualities  paraMters  can  vary  greatly  at  tiMs  without  much  effect  on  perfor¬ 
mance,  we  are  obliged  to  measure  workload.  The  workload,  being  largely  mental,  is  not  easy  to  measure. 

The  task  often  has  as  much  or  aore  of  an  effect  on  the  workload  as  the  airframe/PCS  dynamics .  If  the 
engineer  has  not  defined  the  task  in  sufficient  detail  or  clearly  coamunicated  that  definition  to  the  pilot, 
the  flying  qualities  MasureMnt  My  be  drastically  affected. 

The  Mjor  psychological  and  political  factors  are  also  well  known  to  those  who  have  been  dir¬ 
ectly  involved.  The  ideal  evaluation  pilot  is  an  independent  observer.  He  has  achieved  a  measure  of 
objectivity  from  experience  in  many  different  airplanes  and  can  successfully  place  his  own  ego  in  the  back¬ 
ground.  He  is  a  trained  evaluator  who  is  able  to  recognise  and  be  critical  of  flying  qualities  defi¬ 
ciencies.  Unfortunately,  the  evaluation  pilot  can  sometimes  be  far  from  this  ideal.  The  political  envir¬ 
onment  is  rarely  benign.  The  evaluation  pilot  frequently  represents  an  organisation  and  carries  inter¬ 
ests  from  that  relationship  to  the  simulator.  He  My  be  under  considerable  pressure  if  he  has  central 
difficulties,  thus  a  high  workload  My  go  unreported.  Or,  he  My  be  conpeting  with  ether  pilots  to  be 
the  chosen  one  to  fly  the  real  vehicle. 

The  basic  technical  difficulty,  aside  from  man- in -the- loop,  is  the  member  ef  dynamic  pawn 
eters.  Just  when  we  think  the  vehicle  is  fully  described  for  flying  qualities  UMlysis  put  pee  ss,  a  mew 
design  exposes  new  paraMters.  Turbulence  adds  yet  another  dimension  to  tbs  prwblsa  and  there  is  mo 
general  agreement  on  what  description  of  turbulence  is  to  be  used  for  flying  qualities  assessments. 
Theoretical  models  of  the  pilot  have  been  developed  to  deal  with  the  thicket  of  psruMtsri  and  data  that 
the  empirical  approach  has  encountered  but  their  use  is  not  widespread. 


REPRODUCING  THE  TASK 


M 


Despite  the  difficulties,  the  aerospace  industry  has  been  aoderntely  successful  at  predict 1^ 
flying  qualities  using  the  Cooper-Harper  rating  scale  to  neasure  workload  and  a  collection  ad  siualatiaa 
techniques  to  reproduce  the  task  and  cue  envirount.  Further  progress  in  this  regard  sea ns  to  be  ban* 
pared  by  the  lack  of  definitive  data  to  select  the  proper  sinulator  for  each  task.  Practical  knowledge 
on  the  roles  of  visual  and  notion  cues  is  not  plentiful  and  tdtat  there' is  is  hard  to  generalise.  Mum 
the  decision  on  choice  of  sinulator  is  aade,  the  deciding  factors  appear  to  be  availability,  cost,  and 
then  task  reproduction  in  about  that  order.  Since  the  in-house  sinulator  usually  esc  lets  to  satisfy  the 
organisation's  needs,  decision  to  use  other  facilities  is  rare.  There  is  a  tendency  to  accept  a  fixed- 
base  siaulation  when  the  task  is  perhaps  not  well  reproduced  siaply  because  it  is  readily  available  and 
cheap.  A  noving-base  sinulator  nay  be  used  when  excessive  lags,  insufficient  degrees  of  freedou  or  insuf¬ 
ficient  travel  cause  it  to  be  no  better  a  predictor  than  the  fixed-base  sinulator.  The  option  to  use  an 
in-flight  sinulator  nay  not  even  be  considered  for  a  variety  of  reasons.  The  technology  is  unfaniliar. 

The  user  is  not  aware  of  cost  trades.  The  user  expects  task  reproduction  quality  to  be  poor.  The  slau- 
lator  is  not  as  assessible  or  aanageable.  There  is  the  understandable  tendency  to  think  well  of  one's 
own  sinulation  facilities;  "of  course"  they  can  reproduce  the  task  well  enough. 

Can  we  learn  froa  experience?  Certainly  if  the  last  airplane  developed  using  the  conpany  s iso¬ 
lator  flew  as  predicted  and  the  new  one  is  siailar  with  only  a  few  ainor  differences,  the  chances  of  poor 
prediction  are  ni nisi zed.  Yet  there  are  surprises  in  flight  test  -  Why?  Maybe  we  did  not  take  the  tine 
to  sake  predictions  and  check  then  so  the  sinulation  becoaes  "calibrated."  Maybe  the  fact  that  the  air¬ 
plane  was  Level  1  in  the  sinulator  and  Level  2  in  flight  was  not  attributed  to  poor  sinulator  predic¬ 
tion.  To  perforu  a  useful  experinent  in  this  regard,  the  sinulator  natheaatical  node Is  nust  be  substan¬ 
tiated  and  the  evaluation  pilot/pilots,  after  being  carefully  briefed  on  how  to  accoaplish  the  task,  nust 
be  reasonably  objective.  The  fact  re  sains  that  there  are  few  docuaents  we  can  consult  that  will  tell 
us  idiether  a  given  sinulation  of  the  task  and  airplane  of  interest  will  produce  a  reliable,  unreliable 
or  borderline  representation  of  the  flying  qualities. 


SOW  EXAMPLES 


The  following  are  saaples  of  research  and  developaent  siaulation  work  where  the  in-flight  siau¬ 
lation  results  or  the  real  vehicle  differed  aarkedly  froa  the  ground  siaulation.  The  general  task  in 
these  exanples  is  landing.  Restricting  the  task  to  landing  is  not  intentional  and  is  probably  not  sig¬ 
nificant  except  that  the  landing  task  if  pursued  aggressively  in  a  challenging  environment  is  one  of  the 
aost  demanding  of  high-gain,  closed-loop  tasks. 


1.  Fighter  Roll  P10  on  Takeoff  and  Landing,  Refs.  1,  2,  3 

Airplane  developers  have  been  unpleasantly  surprised  in  recent  years  to  find  that  roll  control 
gradients  deterained  by  ground  sinulation  can  be  too  sensitive  by  large  factors.  An  exanple  of  this  is 
the  aid-1970's  developaent  of  a  side-stick  controlled  fighter.  After  optlaixation  on  a  fixed-base  ground 
sinulator,  the  systea  described  in  Appendix  1  was  flown  in  the  NT- 55 A  in-flight  sinulator.  The  T-35  sin¬ 
ulation, linearised  except  for  breakout  force,  showed  a  tendency  toward  low-aaplitude  FlO  on  landing 
approach  (takeoffs  were  not  siaulated) .  The  roll  sensitivity  was  reduced  for  the  first  flight  as  shown 
in  Figure  1. 


Figure  1.  ROLL  RATE  (VOLUTION,  V  -  14S  KIAS.  (1  lb.  •  4.4SN) 
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taring  high-speed  taxi  tests  prior  to  first  flight,  the  prototype  inadvertently  becaae  air¬ 
borne.  The  left  wing  dropped  rather  rapidly  and  the  pilot  becaae  iaaediately  involved  in  a  roll  PIO  which 
went  through  10  cycles  in  14.3  seconds  (Ref.  2).  The  airplane  was  nearly  lost.  The  pilot  was  ablo  to 
open  the  roll  control  loop  by  continuing  the  unplanned  takeoff  to  altitude  to  avoid  wing  striko.  Analysis 
of  the  data  showed  full  roll  control  and  highly  nonlinear  behavior  which  undoubtedly  aggravated  the  PIO 
as  observed  in  the  T-33.  The  stick  shaper  function.  Figure  2,  was  reduced  and  the  forward  loop  gain  was 
also  reduced.  By  the  end  of  the  flight  test  prograa,  the  roll  rate  per  pound  of  stick  force  in  the  low 
roll  rate  control  region  had  been  reduced  fron  the  original  ground  simulator  optiaun  value  of  about  13.0 
deg/sec/lb  (2.9  deg/sec/N)  to  about  1.2  (.27).  The  stick  force  to  produce  30  deg/sec,  a  typical  navi— 
value  for  landing,  had  been  increased  fron  2  lbs  (8.9N)  to  about  12  lbs  (S3. 3N)  neglecting  breakout..  The 
reduction  in  forward  loop  gain  not  only  reduced  the  steady  roll  rate  and  increased  the  "roll  node"  response 
tine,  but  also  (as  pointed  out  by  C.  Chalk  of  Calspan  Corporation  in  an  unpublished  analysis)  proportion¬ 
ately  decreased  the  initial  roll  acceleration  following  a  sharp  input.  Therefore,  although  the  steady 
roll  rate  per  pound  has  been  reduced  by  a  factor  of  eleven,  the  initial  roll  acceleration  per  pound  has 
been  reduced  by  a  factor  of  181 


Reference  4,  pages  331-344,  uses  this  exaaple  to  cone  to  the  strong  rocounondatloa  -  "do  not 
rely  on  fixed-base  or  United  notion  simulators  for  coupllance  with  this  roquir sweat "  (roll  axis  control 
sensitivity) . 


2.  Fighter  Pitch  PIO  in  Landing  (Ref.  1) 


In  this  new  fighter  developnent  prograa,  the  NT-33A  in-flight  sinulator  was  used  by  the  Air  Force 
to  provide  added  confidence  and  pilot  fanillarity  prior  to  first  flight.  The  flight  control  systaa  had 
been  designed  and  developed  with  the  benefit  of  a  ground  sinulator  with  large  notion  capability.  The  re¬ 
sults  of  the  ground  sinulator  investigation  have  not  been  documented  in  the  literature  but  it  can  be 
essuned  that  the  landing  flying  qualities  of  the  tally  operational  PCS  (Appendix  1)  were  expected  to  be 
Level  1.  T-33  in-flight  siaulation,  using  the  response  feedback  technique  and  approximations  to  the  PCS 
overall  pitch  rate  transfer  function,  revealed  a  landing  PIO  that  was  a  serious  problem  to  all  the  evalua¬ 
tion  pilots.  The  pilot  coon ants  were  typical  of  Level  3.  The  PIO  susceptibility  was  not  slight  or  the 
result  of  an  off -nominal  approach  or  unusual  gusts.  It  was  an  obvious  deficiency.  In  subsequent  ground 
simulations  on  the  same  facility,  it  was  reported  that  PIO  was  evident.  It  was  also  stated,  aftet  the  fact, 
that  the  visual  display  was  not  of  the  quality  judged  sufficient  tar  the  landing  task.  Whether  the  landing 
techniques  in  the  ground  sisailator  and  the  in-flight  simulator  were  the  same  is  not  a  natter  of  record. 

The  PCS  was  nodified  and  evaluated  in  the  NT-33A  as  Level  1.  The  actual  airplane  as  modified 
proved  to  be  Level  1.  Without  in-flight  simulation,  the  airplane  might  have  been  lost  or  severely  dam¬ 
aged  on  the  first  flight ,  At  best,  a  costly  delay  in  the  flight  test  prograa  to  work  out  the  remedy  would 
have  resulted. 
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S.  Supersonic  Transport  Relaxed  Pitch  Stability,  Ref.  5,  6 


This  comparison  between  ground  simulator  and  in-flight  simulator  experiments  comes  from  a  pro¬ 
gram  to  generate  data  on  minimum  acceptable  longitudinal  stability.  The  experiments  consisted  of  twenty 

configurations  made  up  of  variations  in  C_  ,  C  +  C  ,  and  £1  (pitch  static  stability,  pitch  damping, 

m#  m  m a,,  dV 

and  speed  stability)  on  a  baseline  supersonic  delta  wing  airplane  with  no  stability  augmentation.  Although 
the  original  intent  was  not  to  compare  ground  with  flight,  these  experiments  constitute  one  of  the  few 
docasented  instances  where  the  same  dynamics  were  examined  by  the  same  pilots  doing  the  same  task.  The 
ground  facility  was  the  FSAA  at  NASA/ARC  -  an  engineering  research  simulator  with  a  conventional  60  de¬ 
gree  diagonal  visual  scene  and  a  6  DOF  motion  base  with  large  lateral  travel  but  normal  travel  otherwise. 
The  in-flight  simulator  was  the  AFWAL/Calspan  Total  In-Flight  Slaulator  (T1FS)  with  model -following,  6  DOF 
capability.  The  baseline  airplane  model  was  simplified  for  the  in-flight  sissilator  but  was  closely  com¬ 
parable. 

Perhaps  the  most  noticeable  factor  in  comparing  the  two  experiments  is  that  the  flying  qualities 
prediction  problem  is  very  challenging  for  both  methods  of  simulation.  For  example,  consider  the  data 
scatter  for  Configurations  2,  3,  4  and  S  constituting  the  basic  variation  of  C '  toward  increasing  insta¬ 

bility  (Table  1) .  The  time  to  double  amplitude  of  the  dominant  mode  decreased  ?ron  about  sixty  seconds 
in  Configuration  2  to  two  seconds  in  Configuration  5.  Yet  along  with  this  controlled  variation,  there 
were  uncontrolled  factors  such  as  pilot  learning  and  control  technique  and  partially  controlled  factors 
such  as  turbulence  magnitude  and  spectrum  which  disturbed  the  orderly  progression  of  pilot  ratings  toward 
unflyable.  The  data  analysts  attempted  to  correct  for  these  undesired  effects  in  determining  where  the 
6.S  boundary  should  be  drawn.  Effort  to  extract  significant  differences  between  ground  and  flight  was 
outside  the  scope  of  the  investigation,  but  both  the  ground  and  flight  data  analysts  drew  the  6.S  boun¬ 
dary  at  about  the  same  level  of  time  to  double  amplitude. 

This  example  is  interesting,  among  other  reasons,  because  when  most  investigators  would  have 
and,  in  fact,  did  anticipate  differences  between  ground  and  flight,  there  were  no  straightforward  dis¬ 
crepancies.  Raw  averages  of  the  ratings  in  Table  1  illustrate  this  point.  Since  the  ground-based  heave 
notion  cue  was  only  a  small  fraction  of  the  in-flight  cue  and  the  pitch  cue  was  missing  entirely  (through 
a  simulator  malfunction)  one  might  conclude  that  motion  cues  play  a  quite  minor  role  in  this  high-stress 
task.  Perhaps  this  conclusion  is  erroneous  but  a  more  carefully  controlled  experiment  is  needed  to  demon¬ 
strate  this. 

TABLE  1 

C-H  RATING  COMPARISON  FOR  EXAMPLE  3 


L  * 

11 

III 

IV 

Total  Variation 

Average  Ratine  1 

Conf. 

Fit. 

Grd. 

Fit . 

Grd. 

Fit. 

Grd. 

Fit. 

Grd. 

Fit. 

Fit. 

Grd. 

2 

4 

... 

8  to  10 

6 

... 

5 

6  to  7 

6 

4  to  10 

5  to  6 

6.5 

5.7 

3 

6  to  7 

6 

4  to  5 

9  to  10 

6 

6 

7 

6  to  10 

4  to  7 

7.0 

5.8 

4 

5 

— 

7 

S  to  7 

— 

6 

7  to  8 

9 

5  to  8 

6  to  9 

6.5 

7.0 

5 

10 

— 

— 

9 

10 

10 

7  to  10 

10 

7  to  10 

9  to  10 

9.5 

9.7 

4.  Advanced  Supersonic  Transport  Lateral  Acceleration  During  Roll,  Ref.  7,  8 


This  research  is  especially  interesting  from  a  flying  qualities  prediction  viewpoint  because 
a  new  parameter  for  transports  was  discovered  -  lateral  acceleration  at  the  cockpit  during  roll .  The 
acceleration  was  large  for  this  design  because  of  the  long  fuselage,  the  angle  of  attack  on  landing  ap¬ 
proach,  and  the  lateral -directional  control  system  design.  The  design  included  high  roll  damping  and  used 
yaw  control  to  maintain  sideslip  angle  small  during  roll.  Because  the  airplane  was  designed  to  roll  about 
the  flight  path,  which  was  some  36,  feet  (11. m)  below  the  pilot  at  the  approach  angle  of  attack,  the  lin¬ 
ear  side  acceleration  due  to  roll  angular  acceleration  was  high.  This  was  further  aggravated  by  the  high 
Initial  roll  acceleration  resulting  from  The  small  roll  mode  time  constant.  The  data  in  Appendix  1  shows 
that  for  a  coordinated  turn  entry,  where  j*  -  n  -  0  just  after  roll  control  input,  there  was  .02  g's 
per  deg/sec2  roll  acceleration  at  the  pilot's  stitlon.  For  a  1  lb.  step  input  at  the  control  wheel  grip, 
the  steady  state  roll  rate  is  1.7  deg/sec  and  the  peak  roll  acceleration  is  about  4.7  deg/sec2  giving  an 
abrupt  lateral  acceleration  of  .09  g's  -  a  very  distracting  jolt. 

When  the  airplane  was  evaluated  on  a  fixed-base  ground  simulator,  this  side  acceleration  was 
completely  unknown  to  the  pilot.  Not  only  was  the  notion  cue  missing  but  also  the  ball  indicator,  driven 
by  the  much  smaller  side  acceleration  at  the  center  of  gravity,  gave  no  indication  of  the  cockpit  motion. 
The  overall  pilot  rating  for  landing  was  2  in  the  ground  simulator  and  7  to  8  in  the  in-flight  simulator. 
The  motion  environment  in  flight  was  reported  from  a  ride  quality  viewpoint  to  be  disturbing  to  the  point 
where  the  pilot  found  it  virtually  impossible  to  fly  the  airplane  smoothly.  Manikin  effects  probably 
were  a  factor.  (It  is  worth  noting  that  the  real  SST  night  behave  differently,  either  better  or  worse, 
from  both  of  these  simulations  due  to  the  presence  of  wing  and  fuselage  structural  flexibility.  Struc¬ 
tural  dynamic  notions  were  not  Included  in  the  research  described  here) . 


S.  Space  Shuttle  Orblter  landing  Pitch  Control,  Ref.  9.  10 


The  final  landing  of  the  shuttle  Approach  and  Landing  Test  (ALT)  prograa  was  made  on  the  15,000- 
foot  Main  runway  at  Edwards  AFB.  Just  prior  to  touchdown  a  PIO  occurred  in  pitch  followed  by  a  bounce  and 
then  a  PIO  in  roll  before  the  vehicle  finally  settled  on  the  runway.  The  flight  control  systea  had  been 
designed  using  extensive  fixed  and  aoving  base  siaulation.  No  PIO  problea  had  been  noted.  Several  In¬ 
vestigations  involving  analysis  and  siaulation  were  subsequently  undertaken.  The  siaulations  Involved  the 
FSAA  and  the  T1FS  along  with  various  other  facilities.  A  description  of  the  TIPS  experiment  is  given  in 
Reference  9  and  the  results  are  analyzed  in  Reference  10. 

The  pitch  axis  characteristics  are  given  in  Appendix  1  in  approximate  fora.  The  hand  controller 
on  ALT  had  a  light  gradient  with  strong  centering.  The  pitch  rate  feedback  FCS  employed  positive  elevon 
feedback  to  produce  a  proportional-plus-integral  transfer  function  in  the  forward  loop  so  that  stick  de¬ 
flection  away  from  center  coaaanded  a  pitch  rate  and  return  to  center  produced  attitude-hold.  The  response 
was  fairly  slow  with  significant  time  delay.  It  is  also  important  to  note  that  the  pilot  station  was  near 
the  center  of  percussion  of  elevon  aerodynamic  input  so  that  the  initial  vertical  acceleration  following 
abrupt  pitch  input  was  very  small. 

PIO  during  the  TIFS  siaulations  was  a  subtle  phenomenon  although  the  PIO  susceptibility  was  not. 
The  pilot  ratings  ranged  from  2  to  8  depending  on  task  definition,  pilot  training,  pilot  technique,  gust 
disturbances  and  necessity  for  corrections  late  in  the  flare.  Indeed,  the  results  on  the  first  five  actual 
ALT  landings  where  the  first  four  were  smooth  and  uneventful  suggest  that  the  problea  might  be  difficult 
to  predict.  (It  is  probably  significant  that  these  first  four  were  lakebed  landings  with  no  requirement 
for  rapid  corrections  near  the  ground).  However,  in-flight  siaulation  provided  flying  qualities  like  the 
behavior  of  the  ALT  on  its  final  flight.  To  quote  froa  Reference  10,  page  35: 

"TIPS  results  indicate  the  Orbiter's  longitudinal  handling  qualities  during  the  landing  phase 
are  worse  than  what  was  realized  by  the  AFPTC  prior  to  the  TIFS  prograa.  The  increased  pilot 
gain  provided  by  the  actual  flight  environment  of  the  TIPS  simulator  brought  out  longitudinal 
handling  qualities  deficiencies  in  the  Orblter  that  were  less  apparent  on  previous  ground-based 
siaulations.  Numerous  longitudinal  oscillations  of  the  type  experienced  during  the  landing 
phase  of  ALT  Free  Flight  5  were  encountered  during  the  TIFS  prograa.  Several  larger  amplitude 
and  divergent  pilot-induced  oscillations  were  also  encountered." 

Subsequent  to  these  investigations  in  1978,  additional  ground  simulations  of  the  orblter  land¬ 
ing  have  been  carried  out  on  the  NASA/ Ames  Vertical  Motion  Simulator  (VMS)  and  in  the  TIFS.  These  tests 
have  shown  that  there  are  also  significant  differences  in  PIO  susceptibility  between  the  VMS  with  its 
large  vertical  travel  and  high  bandwidth  and  the  TIFS  for  the  precision  landing  flare  task,  with  the  in¬ 
flight  simulator  providing  the  more  faithful  prediction  of  the  orblter  PIO  problems. 


6.  Advanced  Subsonic  Transport  Direct  Lift  Control,  Ref.  11,  12 


Over  the  past  several  years,  the  Dutch  National  Aerospace  Laboratory  (NLR)  has  been  conducting 
a  carefully  controlled  series  of  advanced  transport  evaluations.  Flight  control  systems  including  rate- 
comnand,  attitude-hold,  stability  augmentation  and  direct  lift  control  were  studied  using  a  aoving  base 
ground  simulator  and  an  in-flight  simulator.  The  latter  was  used  as  a  means  to  verify  and  calibrate  the 
ground  results,  particularly  in  the  flare  and  touchdown  part  of  the  landing  task.  There  were  several 
similarities  and  several  differences  in  the  results.  The  familiar  difference  of  touchdown  sink  rates  was 
apparent  with  the  ground  simulator  averaging  4  fps  (1.2  aps)  while  the  average  in  flight  was  2  fps  (.6  aps) 
As  the  basic  pitch  response  parameters  were  varied,  the  pilot  rating  variations  were  comparable.  However, 
the  variations  with  direct  lift  control  were  optimistic  in  the  ground  simulator.  As  shown  in  Fig.  3,  the 
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Figure  3.  DIRECT  LIFT  EVALUATION  (BXAM>1£  6) 
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rating  continued  to  inprove  with  increase  in  direct  lift  control  gain  in  the  ground  siaulator  and  showed 
a  reverse  trend  in  flight  due  to  the  objectionable  vertical  accelerations.  In  fact,  the  point  plotted  at 
K  -  25  in  flight  was  not  formally  evaluated  because  pre-evaluation  showed  the  rating  would  be  poor 
enough  not  to  be  of  further  interest.  It  is  this  configuration  which  is  described  in  Appendix  1. 

It  should  be  noted  that  the  aerodynamics  described  in  Reference  11  describe  a  backside  speed 
variation  with  flight  path  angle,  and  the  authors  improved  the  pilot  ratings  by  half  a  point  extrapolating 
to  a  frontside  operation.  The  flight  results  were  for  frontside  operation  and  thus  are  comparable  with 
the  extrapolated  ground  results  shown  in  Fig.  3.  It  should  also  be  noted  that  the  pilots'  speed  control 
complaints  were  louder  and  more  numerous  in  flight  than  on  the  ground  even  though  one  might  predict  the 
opposite. 


GENERALIZATIONS 


The  above  examples  are  not  results  of  rigorous  experiments  comparing  ground  with  flight  but  per¬ 
haps  they  point  the  way  to  fruitful  areas  of  investigation  and  to  general  hypotheses  which  need  testing. 

We  might  ask  the  following  questions: 

a)  Is  it  true  that,  lacking  the  strong  phase  lead  information  of  roll  acceleration  and  accel¬ 
eration  rate,  the  ground  simulator  will  almost  always  lead  to  overly  sensitive  roll  control 
gain  selection?  Can  peripheral  visual  cues  help? 

b)  Is  there  a  similar  effect  in  the  pitch  axis? 

c)  Is  the  statement  that  if  the  flying  qualities  are  good  in  the  ground  simulator  they  will  be 
good  in  flight  a  valid  generalization?  The  examples  quoted  above  tend  to  refute  this. 

d)  Is  the  statement  that  if  the  flying  qualities  are  poor  in  the  ground  simulator  (i.e.,  the 
pilot  workload  and  compensation  are  high)  the  prediction  will  be  unreliable  a  valid  general¬ 
ization?  The  experiment  from  which  example  3  is  taken  shows  that  although  the  scatter  was 
great,  the  stability  boundary  was  correctly  predicted. 

e)  Can  we  explain,  in  general  terms,  when  complete  motion  cuing  improves  flying  qualities, 
when  it  leads  to  combined  flying/ride  qualities  difficulties,  when  it  degrades  flying  qual¬ 
ities? 

f)  Is  it  useful  to  distinguish  between  the  simulator  transfer  function  from  computed  motion 
to  platform  motion  and  the  pilot  transfer  function  from  platform  motion  to  control  action? 
Can  the  presence  of  PIO's  in  flight  and  not  on  the  ground  be  due  more  to  "cue  gain"  differ¬ 
ences  than  "pilot  gain"  differences? 

g)  Is  there  a  cuing  threshold  (possibly  a  function  of  vehicle  and  task)  below  which  the  pilot 
will  tend  not  to  close  that ^particular  loop  even  though  the  cue  may  be  perceptible?  If  so, 
this  may  lead  to  a  rationale  for  deciding  when  adding  ground-based  limited  motion  to  a  sim¬ 
ulation  plan  is  not  cost  effective. 

h)  Can  flying  qualities  degradation  in  turbulence  be  correctly  predicted  on  the  ground  or  are 
the  motion  cues  simply  inadequate? 


i 

I 

i 
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MODERN  IN-FLIGHT  SIMULATION  CAPABILITY 


How  close  can  the  modern  in-flight  simulator  come  to  predicting  the  flying  qualities  of  a  given 
airplane?  The  flying  qualities  are  usually  accurately  predicted  if  the  math  model  is  accurate.  Model 
following  lags  are  minimized  by  feedforward  techniques  and  occasionally  compensated  by  model  lag  reduction. 
Aerodynamic  control  surface  bandwidths  are  in  the  neighborhood  of  3. to  10. Hz..  Elevator  and  rudder  Inputs 
act  through  the  stiff  fuselage  structure  to  produce  pitch  and  yaw  accelerations  at  the  pilot's  station. 

The  ailerons  typically  act  through  wing  bending  nodes  of  lower  frequency  to  produce  roll  accelerations. 

The  roll  system  will  be  somewhat  slower  if  a  single  actuator,  mounted  at  the  centerline,  acts  through 
cables.  However,  even  for  an  in-flight  simulator  the  size  of  the  TIPS,  the  c.g.  roll  acceleration  starts 
only  80  ns  after  the  start  of  aileron  deflection  and  the  actuator  and  cable  lags  are  small  giving  an  over¬ 
all  roll  acceleration  lag  of  about  100  ns.  Other  motion  acceleration  lags  are  about  the  same  or  less 
except  for  the  fore-and-aft  force  control  through  the  throttle  controls  which  includes  the  lag  of  the  prop- 
jet  engine  thrust  to  throttle  notion  input.  The  velocity  model-following  performance  is  quite  good  because 
the  motion  bandwidth  requirement  is  low.  Feedforward  from  model-commanded  accelerations  improves  the  mo¬ 
del-following  performance  of  the  feedback  error  comparison  system  to  eliminate  all  but  actuation  system 
and  structural  flexibility  lags.  When  the  model  contains  serial  lags  such  as  a  smoothing  filter  in  the 
command  path,  they  can  be  modified  to  account  for  even  these  simulation  lags. 

Because  in-flight  simulation,  with  its  real  world  cues,  serves,  in  many  instances,  the  role  of 
the  final  authority,  the  cuing  accuracy  receives  much  attention.  Frequency  response  information  for  each 
commanded  degree  of  freedom  are  evaluated  for  amplitude  flatness  and  phase  lag  minimisation.  The  notion 
response  coupling  (heave  issponse  to  pitch  commend,  for  example)  is  minimised.  Motion  time  histories  of 
the  model  and  the  siaulator  are  overlayed  to  examine  initial  lag,  rise  time,  overshoot  and  steady  state 
errors. 


Model  complexity  has  increased  ste  In  recent  years.  With  the  advent  of  small,  powerful 
airborne  general  purpose  digital  computer.  it  is  no  longer  necessary  to  linearize  or  to  omit  small  terms 
from  the  equations  of  motion.  Configurate jii  change  is  faster  and  easier  to  accomplish,  flight  control 
system  logical  features  can  be  reproduced,  mode  switching  and  failure  mode  transients  can  be  duplicated 
and  accuracy  is  improved . 

The  motion  limits  dictated  by  the  in-flight  simulator  basic  performance,  maneuverability  and 
control  power  are  compared  with  the  model  characteristics  to  determine  simulation  limits .  For  example, 
the  simulator  direct  vertical  force  control  moves  roughly  in  proportion  to  the  ratio  of  the  simulator  and 
model  rt/a'a.  The  permissible  control  deflection  at  a  given  airspeed  is  a  function  of  vertical  load  fac¬ 
tor  giving  rise  to  an  operational  area  on  a  plot  of  deflection  limit  versus  load  factor.  The  intersec¬ 
tions  of  the  operating  line  defined  by  (n/a)/(n/a)  and  the  boundaries  of  permissible  area  determine 
the  positive  and  negative  load  factor  limits  that  can  be  used  in  simulation. 

Simulation  under  conditions  where  the  simulator  and  model  airspeeds  are  not  the  same  has  been 
worked  out  for  several  different  motion  matching  criteria.  The  criterion  perhaps  of  most  interest  is 
matching  angular  rates  and  linear  velocity  perturbations.  The  up-and-away  flying  qualities  are  repro¬ 
duced  for  small  departures  from  unaccelerated  flight.  The  smaller  the  airspeed  difference,  the  larger 
can  be  the  perturbations.  This  technique  is  used  for  tasks  such  as  in-flight  refueling. 

Several  special  features  make  landing  simulation  more  accurate.  By  trimming  in  a  wings-level 
sideslip  with  zero  side  acceleration  using  the  side  force  capability,  the  simulator  can  introduce  cross- 
wind  to  the  landing  task.  Likewise,  the  effects  of  an  unwanted  real  crosswind  can  be  removed  by  using 
the  same  technique.  Using  a  sensitive  radar  altimeter  signal,  the  crosswind  can  be  made  a  function  of  al¬ 
titude.  Artificial  head  and  tail  winds  can  be  introduced  through  the  simulator's  ability  to  adjust  trim 
attitude  and  flight  path  independent  of  airspeed.  The  existing  real  turbulence  is  measured  and  fed  to  the 
model.  The  model -following  system  tends  to  suppress  the  TIFS  response  and  substitute  the  model  response. 
Random  turbulence  is  also  produced  by  playing  tape  recorded  signals  of  the  desired  statistical  behavior 
into  the  model  equations.  The  amplitude  of  various  components  can  be  changed  as  a  function  of  altitude 
using  the  radar  altimeter  signal.  This  signal  is  also  used  to  produce  the  forces  and  moments  due  to 
ground  effect  which  are  important  in  defining  the  landing  task  in  the  flare.  Proper  touchdown  eye  height 
is  produced  by  computing  when  the  model  wheels  contact  the  ground  and  cuing  the  pilot.  Actual  touchdowns 
are  used  when  the  jolting  penalty  for  a  poor  landing  is  needed  to  motivate  the  pilot  or  to  expose  the 
effects  of  high  gain  behavior.  Discrete  gusts  are  sometimes  programed  into  the  landing  task  to  force  the 
pilot  into  aggressive  control  action  which  may  trigger  PIO. 

The  cost  per  evaluation  hour  in  an  in-flight  simulator  is  comparable  with  that  of  the  large  mo¬ 
tion  ground  simulators.  Its  productivity  for  the  landing  task  in  terms  of  approaches  per  hour  is  not  as 
great  because  of  the  "reset"  capability  in  the  ground  simulator.  Perhaps,  however,  in-flight  simulator 
technology  for  generating  real  and  complete  motion,  combined  with  the  rapidly  improving  capability  to 
generate  bright,  high  detail,  wide  angle  artificial  visual  scenes  could  produce  an  even  more  powerful 
simulation  device  for  predicting  flying  qualities  with  improved  cost  per  run! 

Frequently,  the  point  is  made  that  the  in-flight  simulator  is  capable  of  producing  more  accurate 
flying  qualities  prediction  because  it  is  real.  This  point  is  probably  valid.  The  pilot  finds  it  natural 
to  fly  with  the  same  technique  and  concern  that  he  would  use  in  the  actual  airplane.  It  is  true  that  the 
safety  pilot  is  always  there,  so  in  very  critical  situations,  the  pilot's  "gain"  {urgency,  intensity)  may 
still  not  be  as  high.  Also  properly  motivated  test  pilots  probably  fly  the  ground  simulator  with  the 
same  concern  to  perform  well  as  they  do  their  aircraft.  Thus,  it  seems  unlikely  that  pilot  respect 
for  the  simulation  and  concern  for  the  consequences  of  his  control  action  would  explain  many  of  the  dif¬ 
ferences  found  between  ground  and  flight.  Yet  these  differences  continue  to  appear. 


ROLE  OF  IN-FLIGHT  SIMULATION 


As  illustrated  by  the  examples  in  this  paper,  in-flight  simulation  has  been  used  to  complement 
analysis  and  ground  simulation.  The  major  use,  aside  from  research,  has  been  for  final  system  verifica¬ 
tion,  but  it  has  also  been  a  crew  trainer  prior  to  first  flight  and  a  test  bed  for  flight  hardware.  Ex¬ 
perience  with  new  airplane  development  support  suggests  that  earlier  use  would  be  more  cost  effective. 

If  FCS  design  deficiencies  had  been  discovered  earlier,  time  and  money  would  have  been  saved.  In  Exam¬ 
ple  6,  it  is  obvious  that  early  knowledge  of  the  normal  acceleration  problem  has  potentially  large  econo¬ 
mic  impact.  Although  a  supersonic  transport  is  not  currently  under  development,  it  is  clear  that  early 
awareness  of  the  lateral  acceleration  environment  from  Example  4  has  added  greatly  to  understanding  the 
constraints  on  lateral  control  design  and  would  save  development  dollars  on  any  such  program. 

As  Example  1  shows,  there  is  also  a  role  for  in-flight  simulation  after  the  first  flight.  The 
roll  control  gain  and  maximum  authority  was  changed  considerably  during  the  test  program  as  shown  in  Fig¬ 
ures  1  and  2  with  all  development  done  on  the  test  airplane.  Since  the  test  airplane  is  much  more  expen¬ 
sive  to  fly  than  the  simulator,  and  the  cut-and-try  mode  of  fixing  FCS  problems  on  the  test  airplane  is  a 
very  costly  route  to  the  final  solution,  the  combination  of  in-flight  simulation  and  test  airplane  flying 
should  be  explored. 

We  do  not  fully  understand  why  ground  simulation  did  not  correctly  predict  the  flying  qualities 
in  some  of  these  examples.  If  formal  experiments  show  the  ground-based  cues  to  be  insufficient  for  some 
tisks  and  sets  of  flying  quality  parameters,  the  in-flight  simulator  should  be  involved  at  all  stages  of 
airplane  development  where  these  cases  are  studied. 

The  USAF  owns  the  TIFS  and  the  T-33,  and  currently  makes  them  available  to  any  organization  in 
the  industry.  These  facilities  are  accessible  and  can  operate  any  place  in  the  country.  Through  tele¬ 
metry  link,  the  TIFS  could  operate  as  a  motion  base  for  a  model  already  mechanized  in  the  contractor’s 


ground  simulator.  The  cost  of  preparing  another  simulation  is  thus  minimi zed . 


The  examples  of  this  paper  are  certainly  not  the  only  instances  of  poor  prediction  from  ground 
simulators .  Likewise,  the  picture  painted  here  does  not  include  airplanes  for  which  the  prediction  was 
accurate  and  unequivocal.  Simulation  technology  is  evolving  rapidly  in  modeling  accuracy  and  visual 
cuing  to  deal  with  real  mission  complexity.  Ne  should  also  do  the  experiments  which  will  sharpen  our 
ability  to  choose  the  proper  simulation  facility  for  flying  qualities  evaluation.  The  formal  experiments 
could  start  by  imbedding  the  examples  here  in  a  related  spectrum  of  airplane  dynamics  and  PCS  designs. 

As  far  as  is  possible,  all  factors  affecting  flying  qualities  should  be  identical  from  ground  to  flight 
except,  of  course,  the  motion  and  visual  cues.  Careful  attention  should  be  paid  to  task  definition  and 
evaluation  pilot  briefing.  In-flight  simulation  should  be  used  for  the  flight  portion  so  that  the  model 
behavior  can  be  matched  to  the  ground  simulator  without  costly  flight  testing  and  model  development.  The 
results  of  this  kind  of  simulation  research  could  herald  a  new  era  of  Improved  airplane  flying  qualities. 
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APPENDIX  1 


DYNAMIC  CHARACTERISTICS  IN  EXAMPLES 
(1  lb.  *  4.45N;  1  in.  »  2.54  cm) 

1.  Fighter  roll  PIO  on  takeoff  and  landing,  References  1  and  2 
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2.  Fighter  pitch  PIO  in  landing.  Reference  1 
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3.  Supersonic  transport  relaxed  pitch  stability,  Reference  6 
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4.  Advanced  supersonic  transport  lateral  acceleration  during  roll,  References  7  and  8 

V  =  153  kts.,  a  =  8.2  deg. 
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Space  shuttle  orbiter  landing  pitch  control.  Reference  9 
V  *  290  kts.  to  180  kts.  (at  touchdown) 
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Advanced  subsonic  transport  direct  lift  control.  References  11,  12 
V  •  124  kts. 
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